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Abstract 
The use of adhesively bonded composite reinforcements for strengthening metallic 
structures is a relatively new technique that has been introduced in the past few years. 
The technique was first applied for crack patching of aircraft components, with the first 
civil engineering applications on steel bridge members, which have been damaged due 
to corrosion or fatigue, being more recent. 
Ihe finite element (FE) method was employed in order to analyse a steel plate 
containing a crack and reinforced with an adhesively bonded composite patch. The role 
of parameters such as the crack size and the properties (modulus and thickness) of the 
patch and the adhesive was examined. Results in terms of the stress magnification factor 
at the crack tip and the shear and peel stress distributions at the steel/adhesive interface 
were obtained. Following tl: ds, the FE results were used in order to develop an analytical 
model for estimating the stress magnification factor (Y) for patched cracks. The effects 
of patch pre-stressing and thermal loading due to mismatch in thermal expansion 
coefficients of the materials involved were also examined. 
Patch debonding was also investigated. Two different cases were considered, 
namely a patched plate without a crack and a patched plate containing a crack. For the 
latter, apart from debonding being initiated from the patch extremities (patch end 
debonding), crack mouth debonding was also considered. The effect of debonding on 
YP was determined. Following this, debonding was modelled as a crack located at the 
steel/adhesive interface and a fracture parameter, namely the energy release rate G, was 
obtained at the interface crack tip. An analytical model for G pertaining to patch end 
debonding was also developed. 
An experimental study was carried out in order to validate the model proposed 
for Yp. Fatigue tests of patched cracked specimens were performed and crack growth 
data was obtained and compared with predictions using the analytical model for YP 
inside the well known Paris crack growth law. Prior to this, the tensile properties for 
steel and composite and the fatigue properties of steel were determined from tests. 
Ile results indicate that the models obtained can be used for the design of 
composite patch repairs of steel members. 1herefore, they were included in a design 
methodology, which is also presented. The latter could form the basis of a more 
comprehensive future design guide, or even complete existing guides, such as the CIRIA 
guide (Cadei et al. 2004). 
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Chapter 1 Introduction 
Over the past few years, there has been a growing number of research efforts related to 
the use of adhesively bonded composite reinforcements on metallic structures. The 
majority of these efforts has, so far, concentrated on the use of composites for crack 
patching of aircraft components. However, more recently, research efforts have been 
dedicated to the use of bonded composite plates for strengthening metallic bridge 
members. Although most of the research carried out to date has focused on the 
strengthening of deteriorated or degraded steel members (Al-Saidy et al. 2004, 
Tavakkolizadeh and Saadattrianesh 2003a), there have been very few cases where the 
strengthening of fatigue-damaged steel bridge components was investigated 
(]Cavakkolizadeh and Saadatmanesh 2003b). 
The advantages of the composite patch repair technique over traditional methods 
such as plate bolting/welding include better corrosion characteristics, higher repair 
efficiency and superior fatigue performance since bolt holes and welds are fatigue prone 
details. 
An extensive literature search has revealed that all studies dealing with the crack 
patching problem have assumed through-thickness cracks, i. e. cracks that have fully 
extended in the thickness direction and are therefore growing parallel to the surface 
(Figure 1.1a). By virtue of its geometry, this type of crack is mainly associated with 
aircraft components because these are made of thin aluminiurn sheets. However, in the 
case of civil engineering metallic components, which are considerably thicker, surface 
cracks that are able to grow in two directions, parallel to the surface and normal to the 
surface (thickness direction, see Figure 1.1b) or edge cracks (Figure 1.1c) that have fully 
extended in the direction parallel to the surface and are therefore growing only in the 
thickness direction, occur frequently. 
1 
2c 
Figure 1.1 a) Through-thickness crack, b) surface crack and c) edge crack 
is 
The aim of this work is to investigate the potential benefits as well as the Emitations of 
the composite patch repair technique when this is applied to cracked configurations 
simN to the ones shown in Figures 1.1b and 1.1c. In doing so, the objectives of the 
current study are: 
1) To assess the stress reduction at the crack tip through the numerical 
determination of a fracture parameter, namely the stress magnification factor Y.. 
Thus the effect of various parameters, such as the crack size, the modulus of 
elasticity and thickness of the patch and adhesive on YP is examined. 
2) To investigate quantitatively the phenomenon of patch debonding and how this 
affects the efficiency of the repair. Accordingly a fracture parameter, namely the 
strain energy release rate G, which governs debonding, is determined. 
3) To validate the analytical results through fatigue experiments of patched cracked 
steel specimens. 
4) To provide general guidelines for the design and fatigue assessment of 
composite patch repairs of steel members. 
For the first objective, two-dimensional (2D) finite element analyses (FEA) of a steel 
plate under tensile loading and containing an edge crack with and without an adhesively 
bonded composite patch are carried out. This configuration may be seen to represent 
conservatively the two-dimensional equivalent of a surface crack, which in general is 
characterised by depth (captured here through ot) and width in the out of plane direction 
(Figure 1.1 c). This type of crack may be encountered in several different types of bridge 
details such as cope holes, flame-cut comers or even bolted and riveted construction. 
From the analyses, the stress magnification factor YP for patched cracks is obtained and 
2 
compared with its counterpart for the unpatched case. A number of analyses for 
different crack sizes and patch and adhesive properties (modulus and thickness) are 
carried out. The shear and peel stress distribution in the bondlinc and its interfaces with 
the adherend materials is also investigated. The shear stress distribution is here idcalised 
by triangular stress blocks whose dimensions are obtained from the FE analysis and 
subsequently curve-fitted. These blocks, which may be seen to represent crack closing 
forces acting on the surface of a simple edge-cracked geometry, are then used for 
constructing an analytical solution for Y.. 'Me effects of patch prc-stressing and the 
thermal stresses due to temperature changes during curing or in service and the 
mismatch in thermal expansion coefficients of the materials involved were also 
investigated. 
Following the work on the My bonded patch, FEA is used for investigating 
patch debonding, which is a possible type of failure in adhesively bonded patch repairs. 
In addition to the composite patch repair of a plate containing a crack, the somewhat 
simpler case of a patched plate without a crack is also examined. Two debonding 
scenarios are considered, namely patch end debonding and crack mouth debonding. 
Debonding is here treated as a separation of the steel/adhesive interface, which is 
modelled as a crack located between two dissimilar materials. For the purposes of this 
investigation, interface fracture mechanics theory and the associated FE modelling are 
employed. The energy release rate G, which is a measure of the interface crack driving 
force, is computed from the FE analyses using two different methods. The results are 
compared and very good agreement is observed. An analytical model for estimating G 
for patch end debonding problems is also developed through curve-fitting of the FE 
results. Having established G for the debond, the effect of the two patch debonding 
scenarios on YP is then investigated. YP is found to be predominantly influenced by 
crack mouth debonding, while patch end debonding only affects YP when it has 
progressed to large debonded lengths. 
Tests are subsequently carried out to validate the proposed models. Steel with 
nominal yield stress of 355MPa and a carbon fibre reinforced polymer (CFRP) 
composite are chosen for testing. Static tests are initially carried out to determine the 
tensile strength, Young's modulus and the stress-strain relationship for both steel and 
composite. Fatigue tests are also carded out in plain steel centre-cracked specimens for 
the evaluation of the Paris parameters C and m. Following these tests, fatigue tests of 
patched steel specimens with cracks are performed and crack growth data are obtained. 
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As no debonding is observed during testing, the crack growdi data are compared with 
predictions obtained using the analytical model for YP, assuming no debonding, and 
good agreement is observed. 
In the final part of the work, a design methodology is presented. Accordingly, 
design guidelines are given in the form of flowcharts, which enable the designer to 
identify key parameters of design. 
At this stage, it should be emphasised that the previously mentioned analytical 
models have limitations. For example the simple 2D geometry, which the models are 
based on, or the non-consideration of stress concentrations associated with weld toes 
etc. However, the work presented here is the first step towards developing more realistic 
models in the future. 
1.1 Thesis outline 
A total of seven chapters including this chapter, form this thesis. 
Chapter 2 is divided in four parts. The fist part outlines some key aspects of the 
theory of linear elastic fracture mechanics (LEFNý and fatigue crack growth. Ihe 
second part briefly describes the theory of interface fracture mechanics, which is used in 
Chapter 4. The third and fourth parts deal with the theory as well as previous research 
on adhesive joints and the composite patch repair technique applied to metauic 
structures. Ihe latter is further divided into two categories, namely research carried out 
for crack patching in aluminium. aircraft structures, as well as for strengthening of 
deteriorated or fatigue-damaged metallic bridge members. 
Chapter 3 describes the FE and analytical modeffing of patched cracked plates 
without addressing the issue of patch debonding. FE results as well as results in the 
form of proposed equations for the stress magnification factor YP and the shear and 
peel stresses at the steel/adhesive interface are presented. Ihe effect of the crack size 
and the patch and adhesive modulus and thickness is also examined through a 
parametric study. In the last part of the chapter, the effects of the thermal stresses 
developed in the bondline during curing or in service and of patch prestressing are 
investigated and briefly discussed. 
Chapter 4 investigates the effect of patch dcbonding on the efficiency of the 
repair. Debonding is treated as a separation occurring at the steel/adhesive interface and 
is modelled as an interface crack. The strain energy release rate G, which is a measure of 
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the interface crack driving force and can be readily used in Paris-type models for fatigue 
life calculations, is determined from the FE analyses. The parameters considered in 
Chapter 3 are also examined here, while two debonding scenarios are investigated, 
namely patch end debonding and crack mouth debonding. Finally, an analytical model 
for estimating G for the patch end debonding case is developed by curve-fitting the 
relevant FE results. 
Chapter 5 presents the experimental work carried out in order to validate the 
results of Chapter 3. Static tests to obtain the tensile properties of the steel and the 
composite and fatigue tests for the determination of the fatigue properties of steel are 
presented first. Following these, the fatigue test results for patched cracked specimens, 
in terms of crack growth data, are presented and compared with predictions using the 
analytical model for YP developed in Chapter 3. 
Chapter 6 presents a methodology for use in design and assessment of composite 
patch repairs. Flowcharts are used to outline the procedure and key parameters of 
interest to the designer. 
Finally, Chapter 7 summarises the work done in this thesis and provides the 
general conclusions associated with it. 
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Chapter 2 Background theory and literature review 
2.1 Introduction 
Over the years, the application of composite reinforcements over metallic surfaces 
through adhesion has proven to be a very promising and effective technique in a wide 
range of structural applications. 
So far, encouraging results for the effectiveness of the composite patch technique 
have been obtained from research efforts on both adhesive joints and crack patching of 
aircraft components (for example Adams et al. 1997, Baker and Jones 1988) . Ihese two 
research areas have provided the inspiration for the use of the technique for 
strengthening applications in dvil and structural engineering (Hollaway and Cadei 2002, 
Hollaway and Head 2000, Meier 1995). 
The last few years have seen a growing number of publications dealing with the 
use of adhesively bonded composite patches for strengthening metallic structural 
members. Although most of the research carried out so far has focused on the 
strengthening of deteriorated or degraded steel members, there has been a small number 
of cases where researchers have investigated the strengthening of fatigue-damaged (Le. 
cracked) metallic structural components. 
In this chapter, a review of the research carried out on the use of composite 
patches for strengthening metallic structures with cracks is presented. Prior to this, a 
brief description of fracture mechanics theory and fatigue are presented followed by a 
review on the research related to adhesive joints. Interface fracture mechanics are also 
briefly discussed as a tool, which will be used in subsequent chapters. The main part of 
this chapter focuses specifically first on the aeronautical field, where the composite 
patching technique was first applied torepair cracks in aluminium aircraft components, 
and then on the application of the technique for strengthening steel structural members. 
2.2 Fracture mechanics theory 
Fracture mechanics, which is a branch of structural mechanics, deals with fracture- 
related failures of materials. It is a relatively new discipline, which has been 
systematically developed since the 1940's although its roots can be traced back in the 
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1920's when Griffith (1921) was the first to consider cracks in brittle materials such as 
glass. 
2.2.1 Linear elastic fracture mechanics (LEFAI) 
Griffith (1921) considered in infinite plate of unit thickness with a central through- 
thickness crack of length 2oc. The plate was subjected to remote tension. Griffith 
suggested that the release of potential energy in the body following crack formation was 
associated with a driving force for crack extension as well as a resistance to crack growth 
in the form of surface energy for the newly fortned crack surfaces. Based on Inglis's 
solution (1913) for a unifortialy loaded plate with in elliptical flaw, Griffith calculated 
the change in the strain energy and, from the energy balance, obtained the fracture stress 
as 
(2X' 1/2 
af 
Ma 
(2.1) 
where E=E for plane stress and E=E/(l-v) for plane strain conditions, E is the 
Young's modulus and y is the surface energy. However, there were certain limitations 
within the Griffith fracture theory with the most prominent one being its restriction to 
ideally brittle materials. In actual structural materials the level of energy needed to cause 
fracture is orders of magnitude higher than y. Towards the end of the 1940's, Irwin 
(1948) and Orowan (1948) independently demonstrated that Griffith's model could be 
extended to metals by simply replacing y by y+yp, where yp is the plastic energy per unit 
of crack extension per crack tip. A few years later, Irwin (1957) made another major 
contribution to the field by introducing the stress intensity approach. Using 
Westergaar&s symmetric crack solution (1939), Irwin showed that the stresses in the 
vicinity of the crack tip take the following general fonn. 
Uy ý- 727 ý (2.2) 
where r, 0 are the polar coordinates with respect to the origin, which is placed at the 
crack tip (see Figure 2.1). In Equation 2.2, non singular terms (Williams 1957) are 
omitted due to the dominance of the singular term near the crack tip region. 
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Furthermore, in Equation 2.2, fii are the fimcdons previously obtained by Westergaard 
while the coefficient of the singular term, K, is tertned the stress intensity factor. 
YL 
x 
Figure 2.1 Two-dimensional crack 
The theory of linear elastic fracture mechanics is valid under the so-called assumption of 
csmaH scale yielding. This is a condition which is associated with brittle fracture whereby 
the size of the crack tip plastic zone is small compared to the crack size and hence fully 
contained within the surrounding elastic stress field. Under the small scale yielding 
assumption, K fully characterises the stress and displacement fields around the small 
plastic zone. In general, K is highly dependant on the geometry and loading conditions 
of the cracked body. ies general form is given as 
K= a-., f; raY (2.3) 
where Y is a dimensionless parameter that depends on the cracked geometry and 
loading. Irwin (1957,1960), considering the energy release due to crack extension, 
defined the energy release rate G and related it to K through the relationship 
G=-D" 
K 
(2.4) 
DA E' 
where II is the potential energy and A is the crack area. 
Following this, the Griffith-Irwin energy balance statement governing fracture 
was expressed as 
G=G, (2.5) 
where G,, is the material's resistance to unstable crack growth. 
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Later, the above criterion was expressed in tenns of K and the materiars 
resistance to fracture, also known as the fracture toughness, was denoted as K, for plane 
stress and K,, for plane strain. In principle, this material property can be determined 
experimentally if the stress intensity factor of the tested specimen is known. From 
Equation 2.3 and setting K=K,, it becomes clear that if the fracture toughness of the 
material is known, then for a given crack size the critical value of remote stress 
necessary to cause fracture may be obtained and vice versa (if the stress is given the 
critical crack size at failure may be determined). 
Irwin (1968) also showed that, depending on the type of loading and crack 
orientation, the stress and displacement fields around the crack can be expressed in 
terms of three stress intensity factors KI, Kjj and K,,, associated with crack opening, in 
plane sliding and out-of-plane tearing of the crack faces (also known as modes I, II and 
III), respectively. For combinations of more than one loading systems of the same 
mode of loading, the value of K is the algebraic sum of the stress intensity factors 
relevant to each loading system (superposition principle). This is not valid for the special 
case when more than one modes of loading are present, although in this case the crack 
tip is stiU characterised by a function of the stress intensity factors associated with each 
loading mode. 
Due to the importance of K (or Y) in determining fracture, stress intensity factor 
solutions for a large number of geometries and loading types have been derived through 
the years, which have been published in several handbooks (rada et al. 2000). 
Another crack tip parameter that may be used to characterise near-tip stress fields 
and hence can be linked to fracture, is the J-integral proposed by Rice (1968). For an 
arbitrary counter-clockwise path I'around the tip of the crack (Figure 2.1), j is given by 
Jf wd - T, 
ýu ' ds 
v1 
(2.6) 
_y ax 
where w is the strain energy density, Tj are the components of the traction vector, i; is 
the displacement vector and ds is a length increment along the closed contour r. Rice 
proved that j is path independent and went on to provide a relationship between the 
integral, the stress intensity factor K and the energy release rate G. Accordingly, 
J=G=- 
W=K 
(2.7) 
aA E' 
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2.2.2 Fatigue crack growth 
Structures subjected to cyclic loading are prone to fatigue damage, which is typically 
associated with the formation and propagation of cracks. The fatigue life of these 
structures comprises two stages, crack initiation and crack propagation. Ile crack 
initiation period can be very long or very short, depending on the type of structure. For 
example in welded structures, the crack initiation period is usually very short due to the 
presence of small cracks (flaws) inside the weld and hence fatigue life is expended on 
the propagation of cracks instead of their initiation. By contrast, smooth or notched 
specimens without visible imperfections exhibit a very long initiation period compared 
to the propagation period, which is negligible. Within the context of fatigue, the time, in 
terms of the number of cycles N, that is needed for a crack to grow from an initial size 
to a critical size that corresponds to the onset of unstable crack growth is dearly of large 
importance. The initial size usually corresponds to the minimum size that can be 
detected, while the critical size can be determined using LEFM as explained in Section 
2.2.1. 
'Me fatigue crack propagation rate for a crack growing by an amount A(x as a 
result of the application of AN cycles is defined as the ratio Aa/AN, which, for small 
crack intervals, can also be written as doc/dN. The crack propagation rate depends upon 
the stress intensity range AK where 
AK -A avf; -r-a-Y (2.8) 
and Aa is the stress range, i. e. the difference between the maximum cr. and 
a,, j. values of applied stress (see Figure 2.2). 
cymax 
- -JAG 
_ýmin 
Ni N Nif 
Figure 2.2 Variation of stress with cycles 
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Ihe dependence of da/dN on AK was first identified by Paris and Erdogan 
(1963) and has the following form 
da 
= C(, dK)m dN 
(2.9) 
where C and m are material constants. Equation 2.9 is widely known as the Paris crack 
growdi rate. 
However, this relationship is only valid for intermediate values of crack 
propagation rate and stress intensity range as shown in the schematic of a log-log plot of 
Figure 2.3. From the shape of the plot, it becomes obvious that it is divided into three 
regions. In the intermediate region II, which is often termed as the Paris region, the 
logarithmic relationship between doc/dN and AK is linear. In region I and beyond a 
limi i value of AK, called the fatigue crack growth threshold AKh, below which there tM9 
is no crack extension, the crack growth rate increases rapidly with AK (see Figure 2.3). 
Finally, in region III the curve becomes steep again and crack growth rate increases 
rapidly until a maximum value for K is reached. This value corresponds to the critical 
stress intensity factor Y.,. 
The value of the crack growth exponent m depends on the brittleness of the 
material. For ductile metals, m is in the range of 2 to 4 with a typical value of 
approximately 3 (Suresh 1998) for most steels. 
I II Yffl 
da 
log- 
dN 
da 
= C(AK)n dN 
AK, h logAK & 
Figure 2.3 Typical fatigue crack growth behaviour in metals 
For a given material, the fatigue crack growth curve of Figure 2.3 is not unique. Instead, 
it is affected by a number of factors such as the value of the stress ratio R=cr. /a., 
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temperature and the environment. The stress ratio affects the growth rate particularly at 
the extremities of the crack growth curve (regions I and III of Figure 2.3) and somewhat 
less in the intermediate region. Therefore, increasing R generally increases the growth 
rate, an effect which is manifest as a shift of the entire curve in Figure 2.3 to the left and 
more pronounced for brittle materials. Furthermore, higher temperatures and 
chemically corrosive environments often lead to higher growth rates (Suresh 1998). 
Solution of Equation 2.9 can provide the number of cycles to failure and hence 
the fatigue life. Therefore, the number of cycles Nf for a crack to grow from an initial 
size oci to a critical size czf (Figure 2-4) is given as 
Nif f dN = 
Ef da da 
C(Juvmy)m 
a 
service, Ni A failure, Nif 
Figure 2.4 Typical fatigue crack growth curve 
It should be noted that in Equation 2.10, Nf is approximately inversely proportional to 
Y. Clearly, within certain pre-defined crack limits (a,, a) and for a given material (C, m) 
and loading conditions (Aa), Y reduction can be quite beneficial in increasing the fatigue 
life. It is this simple concept (Y reduction - Nf increase), which characterises most 
fatigue repairs including composite patching. 
2.3 Theory of adhesive joints 
Ile use of adhesives as a way of joining structural components is a relatively newly 
developed technology which is now commonly found in modem engineering practice. 
Their superior properties over the mechanically fastened (bolted) joints for a wide range 
of applications have made them very popular for structural applications especially in the 
aerospace and automotive industries. Numerous studies, which date back to the 1930's, 
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have proven the potential of the method for use in structural applications. The basic 
theory, as well as a review of the research work carried out so far on adhesive joints, is 
presented in the fbUowing sections. 
2.3.1 Stress analysis 
The stresses developed at the interfaces of bonded joints, have been the main subject of 
the early research on adhesive joints. The problem was first approached analytically 
through theory, and later by employing the finite element method. In some cases 
experiments have been carded out on common joint configurations. 
2.3.1.1 Review of analytical work 
Ilere is a wide range of joint configurations found in practice some of which can be 
seen in Figure 2.5. From these, the first type (ie. single-lap) can be considered as the 
most important configuration since most of the analysis and mechanical testing has 
been performed on this type of joint. 
Single lop 
b) Double lap 
f) butt strap 
9) Doubts but 
.t 
strap 
h) Butt 
c) Scarf 
d) bevel iI Tubular lap 
-. 0-1 
:::;: Fl 
1) Step poll 
Figure 2.5 Common adhesive joints (Adams et aL 1997) 
In a single-lap joint, two separate sheets, known as the adherends, are joined together 
with the use of in overlay. 17his structural configuration can be easily analysed if it is 
assumed that the adherends are rigid and the adhesive only deforms in shear (Figure 
2.6a). Volkersen (1938) analysed a simila joint to the one described previously, the only 
difference being that the adherends were considered to be elastic. This assumption 
implies that the adherendsdeformati n is not uniform along their length causing a non- 
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uniform shear stress distribution along the bondline (Figure 2.6b). This phenomenon is 
called differential shear. 
BAA8 
_P 
Figure 2.6 Single-lap joint with a) rigid adherends and b) elastic adherends (Adams et al. 
1997) 
However, Volkersen's study did not account for the fact that the two opposite forces of 
Figure 2.6b are not collinear resulting in a bending moment on the adherends; at the 
ends of the overlap and allowing the joint to rotate. Goland and Reissner (1944) took 
rotation into account by relating this bending moment with the in-plane loading through 
a bending moment factor. De Bruyne (1944) extended Volkersen's theory for single-lap 
joints to double-lap joints. All of the previously mentioned solutions are applicable for 
adherends of equal thickness and the same material. Hahn and Fouser (1962) extended 
this type of analysis to dissimila adherends. Hart-Smith (1973) proposed a correction in 
the determination of the critical bending moment by Goland and Reissner and made 
improvements in their analysis to include adhesive plasticity, stiffness imbalance 
between the adherends and the influence of composite rather thin isotropic metal 
adherends. Allman (1977) presented a new theory for determining the elastic stresses in 
bonded lap joints including the effects of bending, stretching and shearing of the 
adherends and shearing and tearing of the adhesive. The author's solution satisfied an 
boundary stress conditions of the joint, including the stress-firee condition at the ends of 
the adhesive. Cheng et A (1991), using 2-D elasticity theory and making sitnila 
assumptions to those of Allman, employed the variational principle of complementary 
energy to determine the elastic stresses in single-lap joints. More recently, Oplinger 
(1991,1994) proposed an alternative correction to Goland and Reissner's analysis by 
taking into account the effect of bending deflections on the moment distribution in the 
overlap region, which was omitted by Hart-Smith. Tsai et A (1998) improved the 
solutions of de Bruyne (1944) for double-lap joints and Volkersen, Goland and Reissner 
for single-lap joints by incorporating the adherend shear defortnad ns. Her (1999), 
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based on classical elasticity theory, presented a simplified 1-D model for the adhesive 
shear stress and the adherend longitudinal stress for both single- and double-lap joints. 
Albat and Romilly (1999) presented a 1-D linear elastic analysis technique for the 
derivation of adhesive shear stress and adherend normal stress distributions for double 
symmetric bonded joints and reinforcements. Zou et A (2004) employed the classical 
laminate plate theory as well as in adhesive interface constitutive model to obtain 
analytical solutions for the adhesive shear and peel stresses of bonded balanced 
composite and metallic joints. Mortensen and Ilomsen (2002) based on classical 
Jaminate theory treated the adherends as orthotropic laminates. The adherends were 
treated as beams or wide plates in cylindrical bending, while both linear elastic and 
inelastic adhesive behaviour was considered. For this reason, asymmetric and 
unbalanced composite laminates could also be treated through this type of analysis. 
Oterkus et A (2004) presented a method for analysing the geometrically nonlinear 
behaviour of bonded composite single-lap joints with tapered adherend edges. Their 
analysis accounts for the tapering of the adherend thickness, changes in the overlap 
length and the linear and bilinear elastic behaviour of the adhesive. 
2.3.1.2 Numerical studies 
Many researchers employed the finite element method to assess the stresses in adhesive 
joints. Tsai and Morton (1994a) through their 2-D finite element analysis carried out a 
re-appraisal of the existing theoretical solutions of Goland and Reissner, Hart-Smith and 
Oplinger, which were mentioned in Section 2.3.1.1. 'Me limitations of these models 
were clarified and proper modifications and corrections were suggested. The favourable 
effect that a fillet at the end of the adhesive layer has on its stress state was verified 
through a series of FE analyses of joints with and without fillets. In the former case, 
significant reductions in terms of the shear and peel stresses at the stress concentration 
areas were observed (Adams and Peppiatt 1974, Tsai and Morton 1995a). The effect of 
the size as well as the shape and geometry of the spew fillet has also been investigated 
with the aid of FE analysis (Crocombe and Adams 1981, Lang and Mallick 1998). U and 
ae-Sullivan (2001) performed 2D geometrically nonlinear FE analyses of balanced 
single-lap joints to evaluate the effect of factors such as plane strain and plane stress 
conditions, boundary conditions, overlap end geometries and adhesive modulus on the 
Goland and Reissner (1944) bending moment factor and adhesive stresses. The authors 
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compared their FE results with their experimental results as well as theory (Oplinger 
1991). Wu and Crocombe (1996) presented a simplified FE modelling approach for 
adhesive joints where either all or most of the substrates were modelled using beam 
elements, while the adhesive was modelled with four node isoparametric elements. Chao 
et A (1997) conducted FE analyses on double-lap joints where the adhesive was 
modelled using a unified constitutive plasticity model in order to capture time 
dependent properties. Various researchers developed special elements for modelling 
adhesive joints as well as relevant formulations for the determination of the stresses 
developed at the adhesive/adherend interface (Andruet et A 2001, Goncalves et A 
2002, Kilic et A 2004, Lin and Lin 1993, Magalhaes et al. 2005). 
2.3.1.3 Experimental work 
Ile need for experiments to be carried out in order to verify the findings from 
analytical and nilmeri al research efforts and at the same time give a better explanation 
of some unresolved issues was recognised by a number of investigators. Adams et al. 
(1986) carried out experiments on steel/CFRP double-lap joints with and without 
tapered adherends and/or a fillet at the edge of the adhesive. 'Illeir results provided 
important information about the failure modes associated with these types of joints. 
Tsai and Morton (1995b) carried out experimental studies of a single-lap joint in order 
to investigate the nonlinear surface deformations of the adherends and adhesive. The 
authors compared their results with those from witneri al analyses and previous 
analytical solutions (Goland and Reissner 1944, Tsai and Morton 1994b). Tong et al. 
(1995) presented a simple analytical formula, which could express the adhesive peel 
stress in terms of the adherend surface normal displacement, the latter being measured 
using the holographic interferometry technique. In a later study by the same researchers, 
the formula was extended to take into account adherend end mismatch in double-lap 
joints (Tong et al. 1996). 
2.3.2 Failure of adhesive joints 
TypicaUy, an adhesive joint can either fail due to the destruction of the bond between 
adherend and adhesive (adhesive failure, see Figure 2.7a) or due to a fracture, which is 
contained entirely within the adhesive material (cohesive failure, see Figure 2.7b). 
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a) b) 
Figure 2.7 Typical joint failures a) adhesive failure and b) cohesive failure 
Researchers have investigated the initiation of fracture at the interface comer of 
dissimila materials (Aldsanya and Meng 2003, Lenwari et al. 2002), where a singularity is 
known to exist (Groth 1988, Hein and Erdogan 1971, Wang and Rose 2000, Wigger and 
Becker 2005). Other efforts have focused on pre-existing interfacial cracks (flaws) in 
adhesive joints (Mulville et al. 1976, Nishioka et al. 2003, Pradhan et al. 1995, Sun and 
Jih 1987, Sun and Qian 1997, Venkatesha et al. 1996). In most of the previously 
mentioned studies, methods of obtaining the strain energy release rate for interfacial 
cracks both analytically and through the FE technique were presented. 
On the other hand, researchers have also investigated cracks in the adhesive layer 
itself (cohesive failure) through the FE method coupled with experimental tests (Abdel- 
Wahab et al. 2004, Crocombe and Richardson 1999, Guild et al. 2001, Joseph et al. 
1993, Papini et al. 1994, Potter et al. 2001). In a small number of studies the special case 
of failure of composite adherends with embedded delatnination cracks (Cheuk and 
Tong 2002, Qin and Dzenis 2003) was also considered. 
2.4 Interface mechanics theory 
Interface cracks between two dissimiln materials have attracted considerable research 
interest in recent years. 1he different behaviour of these cracks, compared to that of 
cracks in homogeneous materials, is mainly attributed to the presence of an oscillatory 
singularity at the crack tip, which was first identified by Williams (1959). 111is oscillatory 
singularity leads to mode mixity even under single mode loading conditions. The 
complex stress intensity factor Kj + K, *, for interface crack tips, has a real and an 
imaginary part, Y4* and iKjj* respectively, which do not have the same meaning as their 
counterparts in the homogeneous case (Hutchinson and Suo 1992). Accordingly, Y,, *and 
K, j no longer correspond to the opening and shear fracture modes. Nevertheless, for 
the interface crack of Figure 2.8 the normal (a. ) and shear (T. ) stresses satisfy the 
following equation (Hutchinson and Suo 1992, Rice 1988) 
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)-1/2 +iT., y 
), 9=0 = (KI + Xý ) (2; zr rl-' 
where r is the radial distance from the crack tip and 
r's = cos(eln r) + isin(eln r) (2.12) 
In Equation 2.12, e is a birnaterial constant, given as 
2)r 
In ( 
1+fl) 
(2.13) 
where P is Dundurs' elastic mismatch parameter which for plane strain is given as 
(Dundurs 1969) 
j6 =I 
pl(1-2V2)-fl2(1-2V, ) 
(2.14) 
2 iUl(l-v2)+dU2('-Vl) 
where ji,, V2 are the shear moduli and v,, V2 are the Poisson's ratios for the two materials 
(see Figure 2.8). 
The energy release rate is given as (Malyshev and SaIg-anik 1965) 
G= 
(1 -, 8') (KI*2 +K 
*2 
(2.15) 
E* LF 
where 
-L+=! (2.16) 2 
(-Ei 
E2 
) 
2 
and E1,2ý"E1,21(1-VT2) in plane strain and EI, 2 =E1,2 in plane stress. 
In order to determine from Equation 2.15 the strain energy release rate G, 
knowledge of Y. I* and of the complex stress intensity factor is necessary. These may 
be determined from Equation 2.11, provided that the interface shear and peel stress, r,, 
and a. respectively, at a distance r ahead of the crack tip are known. Within the context 
of an FE analysis, -r., and u. may be obtained directly from an analysis output. 
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2.5 Research on composite patch repair technique 
2.5.1 Aeronautical - Maritime 
2.5.1.1 Overview of technique 
The many advantages associated with the use of composites for strengthening purposes 
such as light weight, high stiffness, inherent resistance against corrosion and fatigue, 
ability to be tailored to sustain different types of loads in different directions, easy 
application on complex shapes and contours etc. were appreciated by various 
authorities, companies and researchers who recognised their potential use in aircraft 
repairs. Iherefore, in the past two decades, repair of ageing aircraft components using 
composite materials has attracted the attention of the aerospace industry. 
Research in the field of composite reinforcements for aircraft components was 
pioneered by the Aeronautical and Maritime Research Laboratory in Australia (Baker 
and Jones 1988). Accordingly, Baker (1984,1987) noted that composite reinforcements 
may be used to stiffen under-designed regions of a structure in order to reduce 
deflections and increase static strength and fatigue resistance. Baker (1999) later on 
highlighted the advantages of bonded composite reinforcements over their mechanically 
fastened counterparts as summad ed in Figure 2.9. 
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Figure 2.9 (a) Disadvantages of mechanicaUy fastened repairs and (b) advantages of 
bonded composite repairs (Baker 1999) 
ConcornItant to the previously mentioned efforts, researchers have also studied the 
effectiveness of bonded composite patch repair on cracked metallic structures. Their 
efforts mainly dealt with the experimental assessment of the method and the 
development of analytical tools for estimating critical parameters associated with this 
type of repair, such as stress intensity factor range, maximum adhesive shear stress, 
maximum patch tensile stress. The critical parameters are summarised in Figure 2.10. 
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Figure 2.10 Critical parameters and subsequent failure modes in a bonded repair of a 
cracked structure (Rastogi et al. 1998) 
In the following sections, the studies of various investigators working on the field of 
bonded composite patch repairs are presented. Tlieir findings are reported in terms of 
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the previously mentioned critical parameters, as well as other critical aspects such as the 
mismatch in the coefficients of thermal expansion between the metal and the 
composite, the effect of bending in the case of non-symmetric repairs and the nonlinear 
material behaviour of the adhesive. 
2.5.1.2 Analytical studies 
Several efforts in the past have attempted to develop analytical models for use in crack 
patching problems. Not surprisingly, their main objective has been the prediction of the 
stress intensity factor for patched cracks. However, due to the large number of 
parameters involved, such as the complex stress patterns of patched cracks, geometry 
and materials parameters that affect the repair efficiency, the thermal residual stresses 
resulting from adhesive bonding and the unknown closure behaviour of patched cracks, 
there are, at present, only a handful of available solutions for stress intensity factors for 
patched cracks. 
Erdogan and Arin (1972) were among the first to look at the problem of a metal 
base plate with a central through-crack of finite length stiffened by a fibre-reinforced 
composite layer. '1he adhesive layer was modelled as a two-dimensional shear spring and 
the stresses in the adhesive were treated as body forces acting on the mid-plane of the 
plate and the reinforcement. This enabled the authors to obtain a system of coupled, 
two-dimensional integral equations in terms of the interface shear stresses in the 
adhesive layer and the stress intensity factor in the reinforced plate. 
Keer et A (1976) reduced the problem to a single, one-dimensional integral 
equation, with the integral ranging over the crack length. In their work, the authors 
considered the special case of an isotropic plate and reinforcement with the same 
Poisson's ratio. 
Rose (Baker and Jones 1988) presented a theoretical analysis of crack patching 
that was divided into two stages. In the first stage, the redistribution of normal stress, 
which would be caused by the patch if it was bonded to an uncracked plate, was 
considered. In the second stage, leading to the determination of the SIF, a cut was made 
in the plate where the normal stresses were assigned a value of zero, in order to satisfy 
the traction-free condition. 
Rose (1981,1982) observed that the stress intensity factor of a crack following 
repair does not increase indefinitely with the crack length. Instead, as the crack length 
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increases, the stress intensity factor approaches asymptotically a limiting value for which 
he derived a dosed form analytical solution. His solution was based on the assumption 
that for a sufficiently long crack in a structure subjected to a remote uniform stress field 
of intensity a, the central region of the patch, which is located over the crack, may be 
modelled as an overlap joint. The asymptotic value K. of the stress intensity factor as 
approximated by Rose was given as 
qoV; ýi (2.17) 
where A is a characteristic crack length, which can be derived from the physical 
parameters of the repair without reference to the actual crack length or the applied 
stress and 
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In Equations 2.17-2.20, co is the stress acting at the crack location, t is the thickness, E 
and [L are the Young's and shear moduli and the subscripts a, p and r denote their values 
for the adhesive, plate and patch respectively. 
Rose (1987) presented an alternative model for crack patching, which treated the 
bonded repair as a crack bridged by springs. 
Wang and Rose (1998), extending the formulation of Keer et al. (1976), dealt with 
the problem of crack patching by using a reduced, one-dimensional integral equation for 
the special case when both the plate and the reinforcement are isotropic and have the 
same Poisson's ratio. In their study, the efficiency of the bonded repair under mixed 
mode loading was investigated and it was found that the repair is less efficient for 
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reducing the stress intensity factor in mode II than in mode 1. Moreover, it was shown 
that as in the case of mode 1, the stress intensity factor in mode II does not increase 
indefinitely with crack length. Instead, it asymptotically approaches a limiting value, for 
which a closed form analytical solution was provided by the authors. Observations were 
made about the existing asymptotic solution of the tensile mode, which stated that for 
the long crack limit, its formulation should be based on plane strain rather than plane 
stress conditions. Finally, the authors made comparisons with the results from the crack 
bridging model (Rose 1987) from which it became evident that for the short crack limit, 
the crack bridging model tends to be non-conservative. 
In a separate study, Wang et al. (1998) observed that patched cracks grow under 
steady-state conditions and hence they proposed a steady-state crack closure model to 
deal with patched cracks under variable amplitude loading. In their investigation they 
used a modified version of Newman's crack closure model for unpatched cracks (1992). 
The authors compared their results with those from experiments (Raizenne et al. 1988) 
and found that, in terms of the crack growth rate, the steady-state crack closure model 
they proposed was in much better agreement than the full closure model. 
In all the studies discussed above, the repair configuration was restrained against 
out-of-plane bending. However, in reality, this is only possible in the case of double- 
sided repairs. In single-sided repairs, which are more often adopted in practice due to 
geometrical or design restrictions, the load path becomes eccentric resulting in 
secondary bending near the crack region. 
Ratwani (1979) presented a mathematical formulation accounting for the 
influence of out-of-plane bending on stress intensity factors and compared his results 
with those from finite element analysis and experiments. He concluded that out-of- 
plane bending, due to lack of symmetry, gives rise to an increased stress intensity factor. 
Ratwani computed a bending factor for determining the SIF for a single-sided (non- 
symmetric) repairfromiescounterpart for a two-sided repair. 
In a later work by Wang and Rose (1997) it was shown that out-of-plane bending 
in a one-sided repair not only results in lower repair efficiency, in terms of the stress 
intensity factor, but also in higher stresses in the patch and the adhesive layer. The 
authors also found that an increase in the thickness of the patch reduces the stress 
intensity factor of the crack as well as the stresses in the adhesive layer and 
reinforcement. 
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In a sirnfla study by Wang et al. (1998a), Rose's (1981,1982) analytical solution 
for the limiting value of the stress intensity factor discussed earlier was corrected to take 
into account out-of-plane deflection. A geometrically linear analysis was considered in 
this study and the results were compared with those from a 3D FE analysis where the 
conservatism of the proposed analytical solution was demonstrated. 
More recently, Wang and Rose (1999) presented a crack bridging model for 
analysing a cracked plate, which is repaired on one side, subjected to both tension and 
bending. The problem was formulated using the Kirchhoff plate theory as well as 
Reissner's plate theory. The results were compared with those from a 3D FE analysis 
(Callinan et al. 1997) and it was found that while Kirchhoff plate theory overestimates 
the bending stress intensity factor, Reissner's plate theory gives reasonably good 
estimates of both the membrane (tensile) and bending stress intensity factors. In their 
study, Wang and Rose used a hybrid method to account for the effect of geometrically 
nonlinear deformation on the repair efficiency of one sided repairs. The proposed 
method consisted of a two-stage analysis in which the first stage involved the 
determination of the stresses along the crack path using nonlinear elasticity theory while 
stage two (perturbation problem) was solved by assuming geometrically linear 
deformation for the repaired region. 
Jones and Peng (2002) first developed a simple formula for the stress intensity 
factor of cracks at the root of a notch under arbitrary muld-axial loading and then 
extended the existing two-dimensional design formulae for composite repairs (Rose 
1981, Wang and Rose 1999) to allow for repairs on cracked holes under bi-axial loading. 
In a recent study by Jones et al. (2004), the results of the previous investigation by 
Jones and Peng (2002) were used in order to determine weight functions for composite 
repairs of cracks emanating from a notch. The study by Jones et al. supported the 
observation, first made by Aduri et al. (1993), that for a crack at a notch, which is 
repaired using a composite patch, the variation of the stress intensity factor with crack 
length is different from that for a composite repair to a centre crack. Thus, the 
maximurn stress intensity factor of a patched crack emanating from a notch does not 
correspond to the asymptotic limit for a patched centre crack. 
In the majority of the previously mentioned studies, linear elastic behaviour was 
assumed for the adhesive layer. Ratwani and Kan (1980,1981) considered in their 
analysis the nonlinear behaviour of the adhesive. Their results demonstrated that an 
increase in the material nonlinearity of the adhesive resulted in an increase in the stress 
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intensity factors. The reason for this behaviour was attributed to the smaller load 
transfer from the cracked layer to the reinforcement caused by the nonlinear adhesive 
behaviour. Ihe same reason explained the reduced maximum shear stresses in the 
adhesive. A parametric study by Ratwani and Kan has shown that the influence of 
adhesive nonlinearity on the stress intensity factors increases with crack length but 
decreases with an increase in bondline thickness. 
2.5.1.2.1 Tbermal elects 
Few researchers have investigated the thermal effects associated with bonded composite 
repairs. Ile application of a structural adhesive requires, initially, heating of the 
reinforced region followed by cooling of the fiMy cured patch to the ambient 
temperature. Due to differences in the elastic and thermal expansion properties of the 
bonded materials, thermal residual stresses may develop. In the case of crack patching, 
on cooling after the cure, the lower coefficient of thermal expansion of the composite 
patch leads to the formation of tensile residual stresses in the metal, which may result in 
a positive stress intensity factor (Adams et aL 1997). Rose (1988) by considering an 
isotropic circular reinforcement obtained formulas for the thermal residual stresses in a 
circular plate. It is worth noting that due to the inherent anisotropy of the composite 
patch the problem, in generaL cannot be treated axisymmetricaUy. 
In a later study, Wang et aL (2000) derived exact solutions for the thermal stresses 
in a circular orthotropic composite reinforcement bonded to an infinite isotropic plate. 
In order to quantify the finite size effect on the thermal stresses, approximate solutions 
were obtained for a finite circular plate reinforced with a concentric patch whose 
diameter was relatively smaller than that of the plate. 1he solutions were compared with 
the results of two-dimensional finite element analyses for both an isotropic patch and in 
orthotropic patch, as well as with the results obtained from a corrected version of 
Rose's formula (Baker and Jones 1988). It was found that by treating the patch as an 
isotropic material, the solutions obtained generally overestimate the thermal residual 
stresses in the plate while at the same time they underestimate the thermal stresses in the 
patch itself. Furthermore, excellent agreement was observed between the proposed 
solutions and the finite element results. 
Duong and Yu (2002) carried out analyses of a bonded repair with an octagonally 
shaped patch under thermal loading in two stages, following Rose's approach (Baker 
and Jones 1988). In the first stage, the equivalent inclusion method was used in order to 
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determine the thermal stresses, assuming a rigid bond existed between the patch and the 
uncracked plate. In the second stage, the stress intensity factor associated with these 
thermal stresses was estimated by using the displacement compatibility method for a 
part-through cracked sandwich plate, thus accounting for an initial debond around the 
crack. 
fect hoj7d 2.5.1.22 IVer 
In some of the analyses described above, an initial debond around the crack in the 
reinforced plate was assumed to exist due to the existing high stress concentration 
around the crack and on the interface with the patch (Erdogan and Arin 1972, Ratwani 
1979, Ratwani and Kan 1980, Kan and Ratwani 1981). Erdogan and Arin (1972) 
assumed an initial debond encircling the crack and obtained equations for the boundary 
of the debonded region. In their analysis they noted that debonding takes place 
predominantly in the direction perpendicular to the crack and that the boundary of the 
debond almost touches the crack tips. 
More recently, Kim and Lee (2000) applied the weight function method to 
calculate the stress intensity factor for a centre crack with a partially debonded, single- 
sided patch in an infinite plate. Rose's asymptotic stress intensity factors were once 
more verified in this study and were again attributed to the increased restrairit on the 
relative displacement of the crack faces as the crack length increases. A simple 
asymptotic solution, which forms an extension to Rose's formula for a fully bonded 
patch, was proposed in order to accommodate the reduction in patching efficiency due 
to debonding. Comparison of the two solutions showed that they were almost identical. 
From the whole of Section 2.5.1.2 it becomes clear that although there has been 
great progress in the analysis of bonded repairs, additional work on the development of 
accurate analytical models, which will include more parameters of primary interest in 
crack patching, is needed. 
2.5.1.3 Numerical studies 
The problem of composite patch repair of a cracked plate has been extensively analysed 
using the finite element method. For the most frequent case of one-sided repairs a 
distinction between thin (typically less than 3mm) and thick plates (thicker than 5mm) 
was made by most researchers in their studies. Although for thin plates the variation of 
the SIF through the thickness of the patched plate is assumed not to be significant, in 
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the case of a thick plate, a 3D FE analysis is usually necessary in order to capture this 
variation of the SIF between the unpatched and the patched face of the plate (for 
example Chung and Yang 2002). 
Umamaheswar and Singh (1999) compared different finite element modelling 
strategies for analysing the composite patch repair of a cracked thin alumimum sheet. 
These consisted of a two-dimensional plate-beam model, a two/ three-dimensional 
plate-brick model and a three-dimensional model With a single brick across the thickness 
of each of the sheet, the adhesive and the patch (Figure 2.11). The modelling strategies 
were compared in terms of accuracy, element aspect ratio and processing time. It was 
found that a three-dimensional geometrically nonlinear analysis with single bricks 
representing the thickness of the sheet, adhesive and patch, is a rather accurate and 
effective model for the analysis of a single-sided patch repair. 
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Figure 2.11 Plate-beam/ spring and plate-brick models (Umamaheswar and Singh 1999) 
The three-dimensional finite element model of a stiffened thin panel with an inclined 
central crack and a composite patch (Figure 2.12) was analysed by Chung and Yang 
(2002). It was found that the effect of the stiffener in restricting crack growth is smaller 
than the effect of the patch. Moreover, as the thickness of the patch increased, greater 
reductions in the stress intensity factors were achieved. 
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Figure 2.12 Skin/stiffener plate with inclined central crack (Chung and Yang 2002) 
Okafor et al. (2005) performed 3D linear and nonlinear static FE analyses of bonded 
composite patch repaired aluminium. panels. The results were verified by experiments. 
The main findings of this study included maximum skin stress reduction (approximately 
85%), lower maximum skin stress and adhesive shear stress with increasing patch 
thickness (number of phes) and a maximum increase of 42% in the load carrying 
capacity following the application of the patch. 
A numerical procedure for the prediction of the crack front shape and the fatigue 
life of single-sided glass/epoxy patch repaired aluminiurn panels with a central through- 
crack was presented in (Hosseini-Toudeshky 2006, Hosseini-Toudeshky and 
Mohammadi 2007, Hosseini-Toudeshky et al. 2007). The predicted crack front shapes 
and fatigue lives were compared with those obtained from experiments and good 
agreement was observed. No debonding was observed in the experiments undertaken. 
Seo and Lee (2002) performed 3D FE analyses of cracked thick specimens with 
bonded composite patch. Two different crack front models, uniform and skew, were 
used in the analyses in order to calculate SIF in the through-the-thickness direction. 
Comparison with experimental results for the predicted fatigue life revealed that the 
assumption of a skew crack front provided better results. Better agreement with the 
experimental results was observed using the root mean square value of the SIF and the 
averaged value from the unpatched side to Mid-plane. 
Chung and Yang (2003) calculated using the FE method the stress intensity factor 
for a thick aluminiurn plate with a single-sided composite reinforcement. The authors 
noted that, although in the case of unpatched plates the stress intensity factor does [lot 
vary considerably through the thickness of the plate, in a patched configuration 
significant variation between the patched and the unpatched surface existed. 
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Tsai and Shen (2004) performed 3D FE analyses of thick aluminium plates with a 
hole and a crack emanating from one edge of the hole. The plates were strengthened 
with single-sided and double-sided composite patches. After obtaining the stress 
intensity factor from the FE analyses, the fatigue life of the plates was calculated using 
Paris' law. Good agreement was found with the results from their fatigue tests. 
Recent results indicate that the way the plate, the patch and, most importantly, the 
adhesive are modelled plays a significant role in the accuracy of the analysis. In the FE 
study by Sun et al. (1996) the patch and the plate were modelled as 2D Mindlin plate 
elements and the adhesive layer as a series of linear springs with given transverse shear 
stiffness in the x-z and y-z planes and axial (peel) stiffness in the z direction (Figure 
2.13). 
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Figure 2.13 FE model (a quarter shown) used by Sun et al. (1996) 
Compatibility along each of the patch/adhesiVe and adhesiVe/plate interfaces was 
enforced by applying appropriate constraint equations. The debonded region, which was 
assumed to he in the adhesive/plate interface around the crack, was modelled by 
removing in that region the constraint equations. A procedure was also presented by the 
authors for the calculation of the strain energy release rate along the crack front of a 
debond crack. The results of their model in terms of SIF were compared with those of 
3D FE analyses (Chue et al. 1994) and existing boundary element solutions (Young et al. 
1992). Sun et al. (1996) also performed an independent 31) FE analysis to provide 
additional comparisons. For the case of double-sided repairs good agreement (difference 
of 6.59/6) was observed between the 2D and the 31) FE models. However, this was 
found not to be the case for single-sided repairs where greater differences were noted 
(typically 12.5%). 
Naboulsi and Mall (1996) proposed a 2D FE technique for analysing the 
adhesively bonded composite repair of a cracked metallic plate. This technique has since 
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been termed the "three layer technique" because two-dimensional Mindlin plate 
elements with a transverse shear deformation capability were used to represent the 
cracked plate, layer of adhesive and composite patch (Figure 2.14). The stress intensity 
factors for the cracked plate were determined and compared with previous results from 
two-dimensional analyses where the adhesive was modelled using shear springs (Sun et 
al. 1996). The maximum difference between these two-dimensional analyses was 10.5%. 
Comparison with the results obtained from 3D FE analyses carried out by Chue et al. 
(1994) and Sun et al. (1996) revealed that the proposed technique was in better 
agreement than the two-dimensional analyses of Sun et al. (1996). 
Patch Layer 
Figure 2.14 Finite element model used by Naboulsi and Mall (1996) 
Schubbe and Mall (1999a) presented a 2D FE analysis involving the three layer 
technique mentioned previously. The results from this analysis were compared with 
experimental results (Schubbe and Mall 1999b). The finite element model successfully 
predicted the non-uniform crack growth of the repaired thick panels, which were 
observed in the experiments. Furthermore, after consideration of debonding and proper 
modification of the crack length to account for the lag between the unpatched and 
patched faces, very good agreement was observed between the model predictions for 
fatigue crack growth rate on the unpatched face of the repaired thick panel and their 
experimental counterparts. 
fAU et al. (1997) performed 3D FE analyses of a small region of a patched plate 
near the crack tip. A 2D analysis of the entire patched configuration was performed first 
in order to obtain the boundary conditions for the subsequent 31) analysis. The authors 
noted that use of quarter-point singular prism elements to model the area around the 
crack tip in the plate is not consistent with the use of conventional brick elements in the 
adhesive and the patch due to node mismatch. For this reason they proposed the 
division of each brick element into two prism elements. For the patch, conventional 
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prism elements were used with the mid-side nodes located in the middle of the edges, 
while for the adhesive, modified prism elements were employed. With this approach, on 
the patch/adhesive interface the mid-side nodes remain in the middle to coincide with 
those in the patch while on the plate/adhesive interface they are shifted to the quarter- 
point position to match with those in the plate near the crack tip. The stress intensity 
factors calculated using the inconsistent 3D models (conventional brick elements in 
adhesive and patch) were found to be higher than those given by the consistent model 
(prism elements in adhesive and patch). 
Naboulsi and Mall (1997a) used the three layer technique to study the behaviour 
of a cracked metallic plate strengthened with an adhesively bonded single or double 
sided composite patch under thermo-mechanical loading. Thermal loading in a bonded 
composite repair of a metal may result from temperature drop, for example during 
adhesive curing or at high altitudes, and is caused by the mismatch of the coefficients of 
thermal expansion for metal and composite. The results of Naboulsi and Man showed 
that for single-sided repairs, the thermal effects due to temperature drop result in the 
reduction of the stress intensity factor, while for double-sided repairs, the stress 
intensity factor tends to increase. 
In another study carried out by Naboulsi and Mall (1997b), the fatigue crack 
growth behaviour of a panel with an imperfectly bonded composite patch under 
thermo-mechanical loading was investigated. Again, the three layer technique was used 
with the imperfectly bonded composite patches being modelled by relaxing the 
geometric compatibility at the interfaces. Different configurations of perfect and 
imperfect composite patches were considered. The authors demonstrated that for 
perfectly bonded patches, and most of the imperfectly bonded cases, the crack growth 
rate versus crack length relationship is linear. 
2.5.1.3.1 Bondprvperlies and defects 
The issue of bond strength has been the focus of a large nurnber of studies. Rastogi et 
al. (1997) considered the stress field in a 3D FE model of a bonded composite patch 
repair of a damaged plate. The damage in the plate was idealised as a rectangular slit 
located in the centre. The stresses in the plate in the vicinity of the rectangular slit were 
considerably reduced by the presence of the patch. High stress gradients for the 
transverse normal stress and transverse shear stress were found to exist near the 
interfaces due to material and geometrical discontinuities associated with them. Rastog 
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et al. concluded that these high stress gradients can cause debonding of the plate or 
patch from the adhesiVe at its interface. 
Chung et al. (2000) carried out 2D and 3D FE analyses of an alun-unium plate 
with a central through-crack, patched on both sides with a boron/epoxy laminate. The 
effects of various parameters associated with the patch, such as shape, thickness and 
material properties were considered. It was found that an increase in the stiffness of the 
patch material resulted in a reduction in the stress intensity factor but also an increase of 
the shear stresses in the adhesive at the end of the patch. The authors noted that 
partially bonded (debonded) patches greatly affected the efficiency of the repair in terms 
of stress intensity factor reduction. 
Sih and Hong (1989) used the FE method to obtain stresses, strains and strain 
energy densities in a cracked panel reinforced on both sides with edge-debonded 
composite patches. Two types of edge-debonding were considered corresponding to 
collinear and transverse debonding with respect to the crack plane which was assumed 
to be normal to the applied load (Figure 2.15). it was found that, for approXiMately the 
same siZe of debonded area and loads applied normal to the crack, collinear debonding 
led to a more unstable crack growth than transverse debonding. However, in terms of 
the load carrying capacity of the debonded patch, transverse debonding was more 
detrimental than collinear debonding. 
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Figure 2.15 Configuration used by Sih and Hong (1989) showing transverse and 
coffinear debonding 
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Papanikos et al. (2006) analysed metallic sheets containing a central through- 
thickness crack loaded in tension and repaired using a double-sided rectangular tapered 
composite patch. Depending on patch and sheet thickness, debonding was found to 
initiate at either the crack region or at the patch edge. An increase in the patch and 
adhesive thickness as well as the tapered length resulted in significantly higher 
debonding stresses within the crack region. 
OUinas et al. (2007) performed FE analyses of patched aluminium plates with a 
crack emanating from a semicircular notch located at one edge of the plate. Debon(hng 
areas of various siZes around the crack, as well as different patch thicknesses were also 
considered in the analyses. It was found that debonding leads to an increase of the stress 
intensity factor. This negative effect increases with the size of the debonded area, but 
attenuates with increasing patch thickness. 
Naboulsi and Mall (1998) studied the problem of debonding in a composite patch 
repair by means of nonlinear FE analyses. The stress intensity factor and fatigue growth 
were calculated assuming geometrically nonlinear conditions in order to account for 
large displacements. Debonds were characterised by modelling the adhesive as a 
nonlinear material allowing for elastic-plastic behaviour. The elastic-plastic behaviour of 
the adhesive was modelled using the Drucker-Prager yield criterion. Results from their 
analyses indicated that the calculated stress intensity factors were less than their linear 
analyses counterparts. Introduction of material nonlinearity, by assigning to die adhesive 
an elastic-plastic behaviour, was found to result in an elliptical debond, which was 
similar to the one observed in experiments (Baker and Jones 1988). 
Kumar and Hakeem (2000) investigated the optimum design of symmetric 
composite patches on a centre-cracked metallic sheet. FE analyses were carried out and 
stress intensity factors were calculated using the modified crack closure integral method. 
Different patch shapes such as square, circular, elliptical and rectangular as well as a 
skewed shape proposed by the authors, were analysed and compared in terms of their 
SIF. It was found that the skewed patch is the most optimurn patch design followed by 
the rectangular, the elliptical, the square, and finally the circular patch. The authors 
concluded that it is, in general, more effective to increase the thickness of the patch 
rather than its area. 
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2.5.1.4 Expenmental studies 
Various investigators have conducted both static and fatigue tests on cracked metallic 
components repmed with adhesively bonded composite patches. The main objectives 
of these tests were to verify experimentally the results obtained from analytical and 
numerical studies and to also test the performance of the repair while exploring the 
most common failure mechanisms. 
Rao et al. (1999) investigated experimentally the residual strength and fatigue life 
of an edge-cracked aluminium plate with a bonded glass/epoxy composite patch. Prior 
to the fatigue tests, bond strength tests were performed for the evaluation of three 
different surface treatments. Surface treatment by electric disk sander gave higher bond 
strength than manual emery and chromic acid etching. The notched plates with and 
without the patch were tested to failure. It was shown that patch application allowed the 
plate to fully recover its strength lost by the presence of the notch. Moreover, all the 
repaired specimens failed away from the patched region where no debonding was 
observed. Fatigue tests were also performed until the specimens failed. A considerable 
increase in fatigue life (of about 67 times) was observed which could be increased 
further (reaching approximately 100 times) when a stop hole was drilled at the crack tip 
prior to bonding the patch. Fa-ilure was believed to have precipitated through debonding 
of the patch followed by ligament tearing. 
Wang and Pidaparti (2002) performed both static and fatigue tests on V-type, 
side-notched specimens with and without composite patches. In their investigation, 
three composite patches with 1,2 and 4 plies were used. The I- and 2-ply patches could 
not restore much of the residual strength in the static tests. However, the 4-ply patch 
was able to fully restore the loss in residual strength and stiffness caused by the presence 
of the notch. The fatigue tests demonstrated that as the nurnber of plies increased, the 
stress intensity factor decreased 2-4 times and the fatigue life increased tenfold. An 
analytical model based on Rose's analytical solution (1981,1982) and Paris' law (Paris 
and Erdogan 1963) was also developed by the authors for the estimation of fatigue life 
of bonded composite repairs. The accuracy of the proposed model was verified by 
comparing the analytical and experimental results. 
Schubbe and Mall (1999b) conducted fatigue tests on patched and unpatched 
thick and thin aluminium panels and compared their results in terms of fatigue crack 
growth. Different patch lengths and patch/panel stiffness ratios were used. Non- 
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uniform crack growth was detected in the repaired thick panels, which was attributed to 
the significant bending caused by the asymmetric repair. Increase in the stiffness ratio 
was found to have beneficial effects for both thin and thick repaired panels as it 
improved the fatigue life . However, the increase of patch 
length was beneficial only in 
the case of thin panels. By contrast, the fatigue life of the repaired thick panels was not 
affected and in some cases was even reduced by the increase M patch length. Debonding 
was observed in the vicinity of the crack but not at the edges of the patch. It was also 
found that debond growth depended primarily on the crack length and was less 
influenced by the patch configuration. 
The importance of patch length was also examined by Chung and Yang (2003a) 
who carried out fatigue tests on cracked aluminiurn plates repaired with composite 
patches of different lengths. For the smaller patch lengths, a temporary decrease in 
crack growth rate was observed as the crack reached the end of the patch and this was 
thought to be caused by crack tip blunting and hence the reduction of the SIF. 
However, for longer patches this phenomenon was not observed, probably due to de- 
bonding and the subsequent decrease of load supportability, indicating that the 
relationship between crack growth rate and patch length is effectively nonlinear. The 
maximum enhancement of the fatigue life (5.7 times increase) observed in this study was 
for a patch length which was 1.5 times longer than the crack length. 
Denney and Mall (1997) investigated the effects of artificial debonds on the 
fatigue behaviour of cracked aluminiurn panels repaired with bonded composite 
patches. The effects of various debond locations and siZes were studied. Debonds over 
the crack proved to be associated with greater crack growth rates and shorter fatigue 
lives, while debonds away from the crack did not seem to reduce patch efficiency in 
terms of load transfer. The authors reported that debonds located over the crack may 
reduce patch efficiency by an amount which depends on the debond si7e perpendicular 
to the crack and by the amount by which the crack is covered by the debond during 
crack growth. 
Chung and Yang (2003b) investigated the mixed mode fatigue crack growth of 
aluminium plates with inclined cracks at different angles repaired with a composite 
patch. In general, for the un-patched plates, fatigue life increases as the angle of 
inclination increases. In the case of the patched plates however, the fatigue tests 
demonstrated that the fatigue life decreased as the angle of inclination increased from 0 
to 30 degrees. This was tentatively attributed to the fact that with an increase in angle, 
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the crack reached and passed the boundary of the patch faster, although the authors 
stated that it might also be due to experimental error. However, as the angle of 
inclination increased further, fatigue life was found to increase. This was because mode 
11 loading increased while mode I loading, which is responsible for faster crack growth, 
decreased. 
Tay et al. (1996) conducted fatigue tests on composite patch-repaired aluminIUM 
specimens with a bolt hole and a step change in geometry. The type of specimen used 
was chosen because it sirrailated a portion of the upper longeron of an aircraft. A 1mm 
crack was introduced in one of the bolt holes to enable the initiation of a fatigue pre- 
crack. The specimen geometry is shown in Figure 2.16. Although crack growth was not 
completely eliminated it was considerably reduced. Greater reduction of the crack 
growth rate was achieved by increasing the plies i. e. the thickness of the boron-epoxy 
patch. Generally, the tests showed that although residual tensile stresses are present in 
the aluminium due to the different thermal expansion coefficients, a portion of the 
applied stress was effectively transferred from the aluminium to the patch thus resulting 
in an overall fatigue life improvement. 
Sabelkin et al. (2006), tested stiffened and unstiffened thin aluminium panels 
repaired with one sided adhesively bonded composite (boron/epoxy) patch. The tests 
were also analysed using the FE method. Stiffener spacing was shown to have a 
significant effect on fatigue life, which increased by 5 times (stiffened) and 10 times 
(unstiffened) after composite patch repair. 
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Figure 2.16 Specimen used by Tay et al. (1996) showing location of bolt holes and step 
change in geometry 
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Jones et al. (2005) established, through observation of experimental results, that 
crack growth rate under composite repairs in the low to tMd range AK region is often a 
linear function of the crack length. They also proposed the use of a Pans type equation 
according to 
da 
= C(a 
)(1-m12)(, AK)m 
dN 
where C and m are constants. 
A simple methodology for predicting crack growth was then presented and 
validated by comparison with a range of experimental studies in a ones et al. 2006, Jones 
and Pitt 2006). 
Wang et al. (2006) performed fatigue crack growth tests M the gigacycle regime on 
notched aluminium plates With and without boron/epoxy patches by using ultrasonic 
frequency cyclic loading. The effect that the number of phes has on the fatigue life was 
observed. Although, a 1-ply patch did not have a significant effect, 2-ply and 4-ply 
patches increased the fatigue life considerably, although a clear difference between the 
two was not observed. 
2.5.2 Application of composite patching technique to steel structural 
components 
2.5.2.1 Strengthening of degraded or deteriorated members 
The use of composites in civil engineering strengthening applications has been 
associated mainly with the strengthening of concrete structures (Triantafillou and Plevris 
1992, Meier 1995, Hollaway and Leeming 1999). Strengthening of steel structures using 
composites is a relatively new method and hence research in this field is quite limited. 
Investigation of the applicability of the technique has been carried out predominantly Hii 
the context of global strengthening of steel structures and to a considerably lesser extent 
in relation to fatigue repairs. These research efforts are summansed below. 
Vatovec et al. (2002) tested steel tubes strengthened with CFRP in simple span 
bending. The failure modes of the CFRP strips bonded to the steel were observed in 
terms of the different behaviour when the members were loaded in tension and 
compression. The authors found that the increase in flexural capacity provided by the 
CFRP strips to steel elements was limited between 6% and 26% when the strips 
debonded. However, even when complete delamination of the CFRP strips occurred, 
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the load drop was small and hence the ductile behaviour of the steel element,, was not 
compromised. 
Sen et al. (2001) carried out experiments to detcnmne the efficiency of CFRP 
laminates for the repair of steel composite bridge members. Large specimens 
comprising a wide flanged steel beam which acted compositely with the concrete slab 
were taken from a bridge and were initially loaded past the yield point of the tension 
flange to simulate service distress. CFRP laminates were then bonded to the flange of 
the beam and the specimens were tested to failure. The results indicated that the 
increase in the ultimate capacity of the strengthened members reached 110% while the 
extension of the elastic region ranged from 20 to 67%. It was found that, for the specific 
application, thick latninates were necessary in order to achieve satisfactory gain in 
strength and stiffness. However, this may, in general, result in the development of large 
tensile forces and subsequently large shear forces that may exceed the shear strength of 
the adhesive leading to debonding. Increased peel stresses were observed at the ends of 
the laminates leading the authors to suggest that anchorages (clamps) should be used to 
prevent peeling of the laminate ends. 
A similar study was carried out by Tavakkolizadeh and Saadatmanesh (2003a). 
Again large scale composite girders were tested under four point bending. The girders 
were retrofitted by epoxy-bonding one, three and five layers of CFRP sheets along the 
entire length of their tension flanges. Significant increases (44-76%) in the ultimate load 
carrying capacities of the girders and increases of the yield load were observed from this 
type of retrofitting. 
Liu et al. (2001) simulated the severe loss of section of a steel girder due to 
corrosion by introducing a 102mm wide notch in its tension flange. The girder was 
subsequently repaired with CFRP laminates covering the entire length of the beam and 
one quarter of the beam length. The specimens were tested under three point bending. 
The application of the CFRP laminates increased significantly the stiffness and plastic 
load of the notched steel members (29-36% for quarter-length and full-length repair 
respectively). Due to the application of the load at the mid-span location of the girder, 
peel-off of the CFRP laminates was observed in this region due to high stress 
concentrations. 
Recently Al-Saidy et al. (2004) conducted experiments on steel composite beams 
with their tension flanges artificially degraded to simulate corrosion. The beams were 
then repaired by bonding CFRP plates to their tension flanges. The specimens were 
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tested to failure in order to study their behaviour in the elastic, inelastic and Ultimate 
stress states. The CFRP plates increased the elastic flexural stiffness of the degraded 
beams by approximately 50% while the beam strength was fully restored. No debonding 
problems were observed during this series of experiments. 
Schnerch et al. (2007) presented desIgn gruidelines for flexural strengthening steel- 
concrete composite bridge pirders with high modulus CFRP materials. The flexural 
design procedure is based on a moment-curvature analysis and an allowable increase of 
the live load level. A bond model is also presented for calculating the adhesive shear and 
stresses. Finally, the authors proposed a maximurn stress criterion, i. e. the shear and peel 
stresses should not exceed the characteristic strength of the adhesive system, in order to 
prevent debonding from occurring. 
Other researchers have also demonstrated the rehabilitation of degraded or 
deteriorated in-service steel bridges using CFRP plates (Miller et al. 2001, Chajes et al. 
2003) and proved both the applicability and effectiveness of the method, for existing 
steel bridges. 
2.5.2.2 Strengthening against fatigue 
Strengthening of fatigue-damaged metallic bridges using composite patches is a novel 
technique and although this method has been extensively researched and successfully 
used for aircraft components (Section 2.5.1) and ships (Grabovac 2003, Grabovac and 
Pearce 1997, Grabovac et al. 1993), there are only a limited number of publications on 
research carried out on metallic bridges. 
Tavakkolizadeh and Saadatmanesh (2003b) tested notched steel beams with 
bonded CFRP plates for medium cycle fatigue loading (less than 1 million cycles). The 
steel beams were tested under four point bending. The authors found that the fatigue 
life of the repaired specimens increased, depending on the applied stress range, from 2.6 
to 3.4 times. The authors noted that, following crack initiation, the average number of 
cycles to failure for the repaired specimens, was 3.5 times greater than the number of 
cycles to failure for the non-repaired specimens. 
Bassetti et al. (2000a, 2000b) carried out both small and full scale experiments to 
determine the viability of the repair of cracks near rivets by bonding pre-tensioned 
CFRP strips on the cracked element. For the small scale tests, the authors used central 
notched specimens containing a hole and two traverse cracks. The specimens were 
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repaired using two CFRP strips applied on each side of artificial notch (Figure 2.17). 
The results from the small scale tests indicated that the fatigue life of the specimens 
repaired with a patch (E=155GPa, t=1.2nirn) pre-stressed with a force of 41.2kN was 
increased by a factor of about six while the fatigue life of the specimens repaired with all 
unstressed patch was increased by a factor of about three. When a stiffer patch was used 
(E=210GPa, t=1.4mm), the fatigue life of the specimens repaired with the pre-stressed 
patch was increased by a factor of about twenty. For the full scale tests, the girders were 
taken from a dismantled old railway riveted bridge made out of mild steel. The 
dimensions and loading configuration of the girders may be seen in Figure 2.18. One of 
the girders was strengthened with CFRP patches. Initially, the girder was pre-cracked 
under constant amplitude loading with a stress range in the net section of 8OMPa and a 
stress ratio R of 0.1. Four cracks, 4 to 10mm long, were detected after 3.5 million of 
cycles. The bottom flange of the girder was then strengthened by bonding five C. FR11- 
plates (E=210GPa, t=1.4mm, 60mm width) two of which were bonded to the upper 
face of the flange while the remaining three were bonded to the bottom face after they 
were pre-stressed with a force of 75kN. A compressive stress of the order of -36MPa in 
the bottom flange net section due to pre-stressing was observed. For the girder that was 
strengthened, no crack growth was observed even up to 20 million of cycles after repair. 
The experimental evidence presented in previous work (Bassetti et al. 2000a, 
2000b) was used in the study by Colombi et al. (2003a, 2003b) who developed a 21) FE 
model of the configuration shown in Figure 2.17. The model employed the three layer 
technique to determine the SIF. The results of the finite element analyses demonstrated 
that for long cracks the CFRP patch reduces the SIF even without prc-stress since the 
patch covers a large area of the crack. In the case of short cracks, the effect of the 
CFRP patch without pre-stress is negligible since the crack hes outside the region 
covered by the patch. Colombi et al. also noted that the adhesive shear deformation, 
which increases with adhesive thickness, can reduce the repair effectiveness. 
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Figure 2.17 Small scale specimens used by Bassetti et al. (2000a, 2000b) 
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Figure 2.18 Girders used in full scale tests (Bassetti et al. 2000a, 2000b) 
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Nozaka et al. (2005) conducted experimental tests on different types of specimens and 
adhesives and procured CFRP laminates in order to deternuine the mituitrium bond 
length required to achieve maximum strength. In addition, 21) FE analyses were 
performed assurrung an elastic-perfectly plastic adhesive behaviour based on the stress- 
strain curve obtained from tensile coupon test results. 
1260 1665 550 
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2.5.2.3 Debonding modeffing 
Recently, a large number of researchers has focused on analytical modelling of edge 
debonding in FRP plated RC (Au and Buyukozturk 2006, Casas and Pascual 2006) and 
steel beams (Colombi 2006, Bruno ct al. 2007, Greco ct al. 2007). The latter studies in 
particular, which are more of interest to this work, concentrate on steel/adhcsive 
interface debonding, which, as experiments have shown (for example Andresen and 
Echtermeyer 2006), is the area most prone to failure. 
Colombi (2006) evaluated the energy release rate G using both analytical and 
numerical models. The analytical formulation was divided in two parts, one dealing with 
energy release rate evaluation, while the other was dedicated to the evaluation of the 
stresses in the strengthened beam. For the latter, the so-called 'two parameters elastic 
foundation' model (Rabinovitch and Frostig 2001) and the 'transformed section' 
approach (Colornbi and Poggi 2006) were used. Ile numerical evaluation of G was 
based on the modified virtual crack closure technique (Rybicki and Kanninen 1977). 
The main objective was to establish a fracture mechanics failure criterion based on the 
energy release rate and the fracture energy of the bonded strips. The accuracy of the 
model was demonstrated through a numerical model of a steel beam strengthened with 
a CFRP plate. 
Analytical solutions for the energy release rate by using stress resultants at the 
interface crack tip were obtained in (Greco et al. 2007, Bruno et al. 2007). These 
solutions were obtained for specific loading conditions and geometric configurations of 
beams strengthened with composite plates. The accuracy of the solutions was assessed 
by comparison with the results from FE models. 
2.6 Concluding remarks 
The background theory of fracture mechanics and fatigue crack growth and interface 
fracture mechanics, as well as a review of the research related to adhesive joints and 
composite patching of fatigue cracks in metallic members, were presented in this 
chapter. The main conclusions that can be drawn from the preceding discussion are: 
A number of critical parameters should be taken into account during the analysis 
of bonded reinforcements in cracked components. 'Mese can be summaxised as 
follows: 
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1. stress intensity factor 
2. variation of stress intensity factor through the thickness (thick plates) 
3. maximum shear stress in the adhesive 
4. maximum peel stress at the ends of the patch 
5. maximum stresses at the interfaces 
6. residual thermal stresses due to adhesive curing 
7. bending effects due to non-symmetric repair 
8. nonlinear adhesive behaviour 
9. patch material anisotropy 
Although extensive research has been carried out for the bonded repairs of 
aircraft cracked components, the application of the technique for steel bridges 
needs to be researched independently. This is due to the large differences in 
loading conditions, geometrical configurations and materials used in the two 
fields of application. 
Ilere is a need to develop analytical solutions which take into account various 
critical parameters of the analysis of composite patch repair problems associated 
with cracked members. These models should be simple and at the same time 
realistic and accurate. 11is is a way to move towards the certification of an 
appropriate design methodology. 
More experiments have to be conducted in order to validate the analytical and 
numerical tools. 
Critical issue of debonding needs fiuther consideration with particular attention 
to modelling issues. 
As was already mentioned, in analytical methodology, which may be readily used for 
estimating stress intensity factors, which incorporate an of the above effects, is needed. 
Knowledge of Y can then lead to fatigue life predictions and quantitative assessment of 
the patch repair effectiveness. In the next chapter, a parametric 2D FE study of a steel 
plate with a surface crack and an adhesively bonded CFRP patch is performed. Ile 
effect of the previously mentioned parameters is therefore investigated and the results 
are used for the development of an analytical model for the evaluation of the stress 
magnification factor of the assumed configuration. 
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Chapter 3 Numerical and analytical investigation of a 
patched cracked steel plate 
3.1 Introduction 
As seen in Chapter 2, the vast majority of researchers dealing with the crack patcluing 
problem have considered through-thickness cracks that could only be prevented from 
growing along the width of a plate. This type of crack may be found predominantly in 
aircraft components, since these are made of thin aluminium. sheets. In this chapter, a 
steel plate reinforced with a CFRP patch and containing a crack growing in the 
thickness direction (see Figure 3.1) is investigated. This type of crack geometry may be 
seen to represent the two-dimensional equivalent of surface cracks found in the flange 
or web of bridge members, which are sufficiently thick. As part of this investigation, a 
series of fracture mechanics -orientated FE analyses was performed by varying different 
parameters of the configuration investigated, such as the crack depth as well as the 
patch and adhesive Young's modulus (E, EJ and thickness (t, Q in order to extract 
values for the stress magnification factor. The values used for the previously mentioned 
parameters were judiciously selected so that realistic configurations are represented and 
the effect of the parameters is clearly demonstrated. Further, the results from these 
analyses, in terms of the shear stress distribution along the steel/adhesive interface, were 
used for the development of a model, which aRows direct evaluation of Y for patched 
cracks (Y, ) without considering patch debonding. The proposed model is important 
since, as was mentioned in the previous chapter, knowledge of Y, aflows the 
determination of fatigue life improvement due to the introduction of the patch. Pinal. ly, 
the effects of patch pre-stressing and thermal stresses developed as a result of 
temperature variations during curing or in service due to the mismatch in the thermal 
expansion coefficients of the materials are investigated. 
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Figure 3.1 Edge-cracked plate with adhesively bonded composite patch 
3.2 Finite element analysis (FEA) 
3.2.1 Model description 
The geometry considered here can be seen in Figure 3.1. It comprises a steel plate of 
thickness t, with a crack and a CFRP strip of thickness t, patched on the surface of the 
steel plate. A layer of adhesive of thickness t, ensures the load transfer from the cracked 
steel plate onto the CFRP strip. The steel plate is subjected to a remotely applied tensile 
stress cy. The crack is in general characterised by depth (captured here through ot) and 
width in the out of plane direction. The latter, and hence crack growth in that direction, 
are not considered here. Plane strain conditions are assumed to prevail throughout the 
composite system. The general purpose FEA package ABAQUS (2003) was used. Due 
to symmetry about the x-axis (parallel to the crack), only half the configuration shown in 
Figure 3.1 was modelled. Therefore, symmetry conditions were used for the uncracked 
part of the configuration (steel plate, CFRP, adhesive), thus constraining all vertical 
nodal displacements. Nodes along the crack face were left free. The plate was also 
prevented from moving in the x direction at the level of the axis of symmetry. Perfect 
bond was assumed to exist at the interfaces between the materials where tie constraints 
were applied. The finite element model was constructed using throughout 8-node 
quadrilateral plane strain elements. In order to simulate the stress field singularity known 
to exist at the crack tip while avoiding extreme mesh refinement, the crack tip area was 
modelled using the well-known collapsed elements with quarter-pomit node shift 
(Henshell and Shaw 1975, Barsourn, 1976,1977). The adhesive was modelled using at 
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least four elements in the thickness direction following the recommendations of othet 
researchers (Hildebrand 1994). A graded mesh was used with clement aspect ratios 
ranging from 1: 1 near the areas of stress concentration up to 1: 10 away from these. The 
FE mesh together With magnifications of the areas of interest is shown in Figure 3.2. A 
convergence study was carried out in order to validate the FE model, which is discussed 
in the next section. 
3.2.2 Convergence study 
A convergence study was carried out for both the crack tip stress intensity through J- 
integral evaluation as well as the shear stress distribution along the interfaces. This 
convergence study was performed for both the unpatched and patched geometries. 
at the interface 
3.2.2.1 Unpatched geometry 
Convergence was first tested for the unpatched configuration and for different 
normalised crack sizes ot/t, ranging between 0.1 and 0.8. The crack tip region was 
modelled using four rings of elements (contours) with eight elements per contour (see 
Figure 3.2). The inner contour consisted of collapsed quarter point elements while the 
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Figure 3.2 FE mesh depicting the details of the crack tip and stress concentration areas 
ema. uung contours were constructed with conventional elements. ABAQUS allows 
direct J-integral evaluation based on the domain integral formulati n (Shih et A 1986). 
In order to investigate the effect the number of crack tip elements has on the accuracy 
of the results, analyses were performed with four, eight and sixteen elements around the 
crack tip. As expected due to path independence, the J-integral values obtained for each 
contour were almost identical with the maximum difference being 0.1%, although for 
the case where four elements were used, the inner contour gave an erroneous result and 
for this reason eight elements were used eventuaUy. Ile crack tip mesh was also 
vahdated in terms of the stress magnification factor Y. In order to determine Y from the 
FE analysis, the stress intensity factor K was first obtained from j according to (Rice 
1968) 
_ 
FE, J2 
v V2 
where E, is Young's modulus and v is Poisson's ratio while Y was obtained firom 
(3.2) 
The case without the patch corresponds to in edge crack in a finite thickness plate and, 
for this reason, the results for Y obtained from the FE analysis were compared with 
those from in misting analytical solution, which is given as Crada et al. 2000) 
Y, =0.265 1- 
a ( 
t) 
0.857+ 0.265 a 
Y2 (3.3) 
Excellent agreement was observed with the maximum difference being less than 0.5 
T'his is demonstrated in Figure 3.3. In the same figure the results for a patched 
configuration are also presented and will be subsequently discussed. 
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Figure 3.3 Comparison of unpatched (FE and analytical) and patched results in terms 
of Y 
3.2.2.2 Patched geometry 
In the case of the patched plate, convergence was checked in terms of the shear stresses 
at the steel/adhesive interface in the areas of high stress concentrations (Regions A and 
B in Figure 3.2). A patched geometry, with small adhesive thickness and four elements 
across the adhesive, was selected for the convergence study. Although the number of 
elements used to model the areas of stress concentration was progressively increased, 
the values of shear stress adjacent to the comers of the steel/adhesive interface could 
not converge. This is due to the comer singularity, which is known to exist at the ends 
of the interface between the adhesive and the adherend (Groth 1988, Hein and Erdogan 
1971, Wing and Rose 2000). The same difficulty was also encountered by other 
researchers (Crocombe et A 1990, Lang and Mallick 1998), who subsequently ignored 
output from one or two elements adjacent to the corners in order to avoid 
overestimation of peak stress due to the singularity. A simill approach was also 
followed here where stress values at a small distance, equal to two elements (5E"t), 
away from the comer were obtained. At this position, good convergence was observed 
for region B as can be seen in Figure 3.4, which depicts the nonnalised plot of shear 
stress against the distance from the comer. Sirnila results were obtained for region A. 
Unpatchod (FE) 
Unpatched (Tada et aL 2000) 
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Figure 3.4 Convergence of shear stress with mesh refinement at the interface near 
region B (cc/t, =0.5, tjtý=0.06, E,: /E, =0.7, tjt, =0.01, E. /E, =0.035) 
Further to the previous two studies on Y and -r, /a, the effect the lengths of the steel 
plate and the composite patch have on the J-integral and the interface shear stress was 
also investigated for both shallow and deep cracks (cz/tý equal to 0.1 and 0.8 
respectively). It was found that a length of approximately 20 times the plate thickness 
for the steel plate and 10 times the plate thickness for the patch satisfied the "infinity" 
condition of the model in terms of its length. This implies that beyond these limits, the 
J-integral as well as the shear stress at regions A and B, which are of most interest to this 
study, do not vary with length. 
3.2.3 Results and discussion 
3.2.3.1 Y factors 
Following the convergence study, parametric analyses were carried out in order to 
investigate the effect of a/ý, tjtý, E, /E,, tjt,, EJE, Results are here presented in 
terms of Y and r.,. The plot of Y against cx/tý for a low-stiffness (small thickness and 
low Young's modulus) patch and adhesive is presented and compared with that for an 
unpatched plate in Figure 3.3. A significant reduction in Y may be observed even for the 
low-stiffness patch (24% for oc/t, =O. 1 to 88% for ot/t, =0.8). Figure 3.5 presents the 
results for the cases where each of the parameters that control the stiffness (t, E, t., E) 
has been doubled with respect to the base case (t, /t, =0.06, E, /E, =0.7, t., /t, =0.01, 
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Ea/E, =0.01). A further reduction in Y is therefore observed with the exception of the 
case where the adhesive thickness is doubled compared to the base case. 
With reference to Figure 3.5 and for the case of the increased thickness of the 
adhesive layer (2*t.,, /t), Y is greater (up to approximately 100/6), which is expected since 
load transfer to the patch is less and most of the load is carried by the adhesive itself. 
The increase in patch thickness (2*tjt) and Young's modulus (2*E, /E) can be seen to 
produce identical reductions in Y (up to 201/6). On the other hand, increase in the 
adhesive Young's modulus (2*E. /E) results in a maximum reduction of approximately 
10%. 
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Figure 3.5 Effect of patch and adhesive properties on Y 
3.2.3.2 Shear and peel stresses 
In addition to Y, the shear and peel stress distributions along the steel/adhesive 
interface were also investigatcd, since the first represents the load transfer from the 
cracked plate to the patch while the second is associated with debonding of the edges 
where stress concentrations are high (Adams et al. 1997). The shear stress distributions 
near both regions A and B (see Figure 3.2) obtained from the FE analyses may be seen 
in Figures 3.6 and 3.7, respectively. These pertain to the case where a/%=0.1; 0.5, 
tý/t, =0.06, Ec curv . 
/E, =0.7, t. /t., =0.01, E. /E, =0.01. Only one FE e is shown in Figure 
3.6 since region A is far from the crack and therefore shear stresses are identical for 
different crack sizes. Ile shear stress -r., (normalised by the remotely applied stress q) is 
...... ........... 
............ 
tc/ts=0.06, Ec/EsmO-7, tatts=0.01, EalEs-0.01 
2*tc/ts 
2*E lE c s 
2*taft 
2*Ea/Es 
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plotted against the distance y ftom. the axis of symmetry (nortnab ed by half the overlap 
length 1,12). Ihe analytical solutions of Albat and Romilly (1999) and Rose (Baker and 
Jones 1988) for the adhesive shear stress distribution of a patch-reinforced plate without 
a crack are also plotted in Figure 3.6. The FE results seem to correlate well with both 
the Albat and Rornilly and Rose solutions with the maximum difference being less thin 
10% and 20%, respectively. Ihese differences were found to increase, depending on the 
properties of the patch and the adhesive, reaching approximately 30% and 55%, 
respectively. However, these discrepancies may be attributed to bending induced by the 
patch (single-sided repair), which was not taken into account by the above solutions. 
Figure 3.7 indicates that shear stress is by many orders higher near the crack mouth 
rather than near the patch ends. 
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Figure 3.6 Normah ed shear stress distribution vs normalised distance from the axis of 
symmetry (near region A) - (tjt, =0.06, E, /E, =0.7, t. /t, =O-01, E. /E, =0.01) 
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Figure 3.7 Normali ed shear stress distribution vs nortwili ed distance from the axis of 
symmetry (near region B) for two nortnali ed crack depths (cx/%=0.1; 0.5, tc t, j =0.06, 
E, /E. =0.7, tj%=0.01, E. /E, =0.01) 
Ihe peel stress distributions for two crack sizes oc/ý=O-l and cx/%=0.5 are shown in 
Figure 3.8. Again the peel stress is normalised by the remotely applied stress a. As can 
be seen in Figure 3.8, the stress concentration effect is much more pronounced in 
region A. As for the shear stress, peel stresses near region A are identical irrespective of 
the crack size. This indicates that, in terms of peel stress, debonding is more likely to 
appear first at region A and then region B. By contrast, the shear stress concentrations, 
presented in Figures 3.6 and 3.7, display the opposite. Although the peel stresses are 
mainly associated with failure of the adhesive bond, in practice, debonding might also be 
caused by a combination of high shear and peel stresses (Hart-Smith 1973). 
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Figure 3.8 Normalised peel stress distribution vs normalised distance from the axis of 
symmetry for two normalised crack depths (tjt, =0.06, E, /E, =0.7, t, /%=0.01, 
E. /E, =0.01) 
The elevation of shear stress at regions A and B and how this is affected by the patch 
and adhesive properties can be collectively observed in Figures 3.9a and 3.9b, 
respectively, where the normalised peak shear stress is plotted. The normalised peak 
peel stress for region A is also plotted in Figure 3.9a. It can be seen in Figure 3.9 that 
doubling in patch thickness (2*ý/Q and Young's modulus (2*E, /E) leads to the 
reduction of shear stress at region B, which is greater for increasing crack size, while the 
shear stress at region A is increased. Doubling in adhesive thickness (2*tjQ has the 
opposite effect, i. e. it causes a shear stress reduction in region A while the stress at 
region B is increased. Finally, doubling in adhesive Young's modulus (2*EJEý result in 
stresses increasing considerably in both regions. It is worth noting, that, for region A, 
stress elevation is far more pronounced for peel stresses (a.. =3*, ry), as evidenced in 
Figure 3.9a. 
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Figure 3.9 Effect of patch and adhesive properties on a) shear and peel stress elevation 
in region A and b) shear stress elevation in region B 
3.3 Analytical modelling 
3.3.1 Methodology 
The reduction in the stress magnification factor (Y) of a patched plate is attributed to 
the load transfer from the plate to the patch through the adhesive. This load transfer 
mechanism is responsible for the generation of shear stresses at the interfaces and 
especially the steel/adhesive interface. Observation of Figures 3.6 and 3.7 reveals that 
this load transfer is mainly concentrated near the patch end and crack mouth positions 
(regions A and B respectively), where the shear stresses are high. However, the analytical 
evaluation of the interfacial shear stress distribution is a problem of great complexity, 
notwithstanding the presence of the crack. Furthermore, although there are analytical 
solutions for the adhesive shear stress distribution of double-sided, patch-reinforced 
plates without a crack (Albat and Romilly 1999, Baker and Jones 1988), which could be 
used for the shear stress evaluation away from the crack (region A, see Figure 3.2), these 
solutions do not take into account the bending effect associated with single-sided 
repairs. For this reason, here, the shear stress distribution was idealised by the use of 
two triangular stress blocks representing the stress concentration regions A and B 
(Figure 3.10a). The dimensions of these triangles, which represent the shear stress and a 
characteristic load transfer length, were found by curve-fitting the FE results. The area 
of each of these triangles may be interpreted as a crack-closing force P acting at the 
centre of mass of each triangle. Therefore, when remote tension (a) is applied to the 
patched plate, the idealised geometry will consist of three load systems: cy, P, and P, In 
order to incorporate these forces in the evaluation of the stress intensity factor 1ý, and 
subsequently the stress magnification factor YPI an analytical solution for a sinii1ar 
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configuration found in the literature (rada et al. 2000) is used here. Ile configuration C. - 
relevant to this solution may be seen in Figure 3.10b. For the configuration of Figure 
3.10b the stress intensity factor is given as (Tada et al. 2000) 
K= 2- P-F(Z) 
. 
F, 
Ta 
where 
F(Z) 1+ 
2Z2 
1.3-0.3 
z 
J(j + 
f2 
(3.4) 
0.665 -0.267 
z-0.73 
(3.5) 
VF, + Z2 
and 
tan V= zo 
a 
(3.6) 
In Equation 3.6, p is the angle between the crack line and the line connecting the crack 
tip with the point of application of force P while zo is the distance from the crack mouth 
to the point of force application. 
a 
YA 
I 
YB 
I 
(a) 
ZO 
I 
(b) 
Figure 3.10 Configuration (a) assumed in current study and (b) examined by Tada et aL 
(2000) 
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ts 
Ile previously mentioned solution pertains to a plate of infinite thickness and it 
has to be corrected in order to account for finite thickness effects through a fimction 
that depends both on the angle p and the crack depth to plate thickness ratio (at/Q. The 
magnification factor that combines both Tada's solution (see Equation 3.3) and the 
finite thickness effects is here denoted asAac/t, ). By considering the firee body diagram 
of Figure 3.10, which neglects the peel stresses, the stress state of the steel plate may be 
seen to arise from the superposition of a, PA and PB. 1herefore, the stress intensity 
factor for a patched crack in a finite thickness plate will be given as 
Kp = uýzaY., - ;LP, - PB (3.7) 
-, f 2-r-a -. 
f 2-ra 
where Y,, is given by Equation 3.3. 
PA and PB, which appear in the second and third terras of Equation 3.7, represent 
the area of each of the triangles in regions A and B, respectively. Therefore, 
I 
PA, 
B = _TýA, BYA, B 2 
(3.8) 
The terms Xcc/%, p), T,,,, y,,, T,,, and y,,, were obtained by curve-fitting the results from 
FE analyses and the best-fit functions were found to be 
f(alt, V) = F(Z) exp(F, ) (3.9) 
where 
F= 0.4 -a + 0.09cos 
3 g+O. 02cos 2 V-0.16cosV+0.05 
(7.8 "1 0.04tan 2 ip + 1.92tan (p - 1.40f; -' tan (p + 1.68 (3.10) 
A, 
7eA = 07A = Or 0- 00 1 0.002 +0.083 
E, 
c 
'a + 1.801 
L,, )(Ea ]In( t,, E,, 
- 0.279 -f - (3-11) 
FE, (ts 
E, tE, 
10 
56 
y, 4=t,, 6A=5t, 0.014(tj-1.326rL'j-0.017(f'- 
-0-278] 1 
t, ) Vs ) E, 
) 
E,, 
In 
E, 
(3.12) E, 
++E,, 
E, E, 
'rxy, 6 = 076 14.5 
a 1.9 tl + 0.48(LI + 13.45 
La + 23.8 
fa (t, 
t, ýE, 
) (t, ) (E, 
ýs 
s 
Fa 
T 
f,, 
sE 
c+f ca 
tt ts Es ts s 
+L 
atE1, 
s 
IL 
c+ S)( sc+ 
ac6.02 fc-)(fa- 61.84(T f; -)] 
E, (3.13) 20.56(T 
Es L+f Ecca TfL +L sss- -I- 
L t 
s ES ts 
YB = tAB = 54 0.142 
a 
0.247 
- 0.008 
t' 
+ 0.195 +O. 066(LZ 
s t 
a E,, 
In t, 
E, 
(3.14) 
++E,, 
E, E, 
Ilerefore, performing the appropriate substitutions and with some manipulation, 
Equation 3.7 becomes 
K, =u. vr; 
-ra[Y, 
- 
(. ylßlf(CrltV)+YBßBf(alts»V)11=Grý2raYp 
where YP may now be identified as the stress magnification factor for a crack in a 
patched plate. 
The curve-fitting process for obtaining equations 3.10 to 3.14 is explained in detail 
in the following section. 
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3.3.2 Curve-fitting process 
Ihe numerical values ofAac/t,, p) as well as the dimensions of the triangular stress blocks 
, r,, YA, yA, T. YB and yB 
(Figure 3.10a) obtained from the FE analysis were curve-fitted in 
Fortran. 
3.3.2.1 FuncdonAot/t, 
,, p) 
In order to obtain the function Aac/ý, p), FE analyses of unpatched plates with cc/% 
ranging from 0.05 to 0.8 were performed. Ile plates were subjected to two equal and 
opposite concentrated forces that were applied at the edge of the plate normal to the 
crack mouth as shown in Figure 3.10b. The two forces were first applied at the crack 
mouth (p=O) and were gradually moved away from the crack reaching a final position of 
jo=82Y. Beyond that point it was found that increasing p did not affect the stress 
magnification factor. In order to verify the FE results, comparisons were made with the 
special case p=O presented in Crada et A 2000). Good agreement was observed between 
the model and the relevant FE results with the maximum difference being 1.21%. 
Following this, the results from subsequent analyses for the stress magnification factor 
were then curve-fitted to obtain a relationship that depends both on the angle jo and the 
crack depth to plate thickness ratio (x/%. These were initially divided by Equation 3.5 
and the natural logarithm of the division was used in the curve-fitting process thus 
resulting in Equation 3.10. 
3.3.2.2 Triangular stress blocks 
In order to obtain the dimensions of the triangular stress blocks, which are functions of 
the thickness and the Young's modulus of the materials (steel, patch and adhesive), a 
large number of analyses had to be carried out varying the previously mentioned 
properties as well as at/t, In order to reduce the number of analyses and hence the 
number of input data for the curve-fitting process, selected values were used in 
accordance with the methods used for the design and analysis of experiments 
(Montgomery 1991). These methods are meant to assist the experimenter so that the 
output of the experiments is fitted into functions, while the number of points is kept 
down to a reasonably low level. The parameters used in the study, as well as their 
assumed ranges, may be seen in Table 3.1 (where t is the thickness and E is the Young's 
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modulus, while the subscripts s, c and a stand for the steel plate, composite patch and 
adhesive, respectively). 
Table 3.1 Ranges of parameters used for curve-fitting the triangular stress blocks 
Parameter 
ot/4 t. /t. Ec JE. Vt. EJE. 
(normalised) 
Range 0.1 - 0.5 0.06 - 0.3 0.7-2.3 0.01 - 0.05 0.01 - 0.07 
The dimensions of the stress block of region A (patch end position) are functions of 
only four of the parameters of Table 3.1 as they are independent of c(/tý, while the 
dimensions of the stress block of region B (crack mouth position) are functions of all of 
these. The choice of the dimensions to be fitted was made after carefiA observation of 
the results. For instance, in the case of T. Y, 
it was decided that stress values at a certain 
distance from the discontinuities (crack mouth and patch end) should be used instead of 
the values at the locations of the discontinuities. This was done in order to avoid 
overestimating the areas of the stress blocks. This distance was found to be greater near 
region B where, as the crack mouth was approached large increases in the values of 
stress were observed. In a sirnfla m2nner, the characteristic load transfer length y was 
chosen so that it represented the distance from the discontinuities up to a point where 
stresses were sufficiently low. The concept of the idealised shear stress distribution with 
the chosen dimensions for the triangular blocks is shown schernati ally in Figure 3.11. 
0.01254 
1 'ýý 1 (M TxyB 1 2.5E34 
ewt 
%0 Region A Region B: % 22 10 /0 T. YA TXYB 
'rxyA 
YB YA 
IW2 
Figure 3.11 Schematic representation of real and idealised shear stress distributions 
59 
3.3.3 Comparison of results 
The goodness-of-fit of equations 3.10-3.14 may be seen in Figure 3.12 (a-e), which 
presents plots of the values obtained from the equations against the FE results. Also 
shown as insets in Figure 3.12 (a-e), are the mean and the coefficient of variation (COV) 
for each of the curve-fits. 
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Figure 3.12 Comparisons between Equations 3.10 - 3.14 and FE 
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Figure 3.13 depicts YP obtained from both the FE and the analytical model in the 
same fortnat as Figure 3.12. The analytical results are generally in good agreement with 
their FE counterparts, with the maximum difference being approximately 110% 
although, for about 80% of the cases considered, the differences were less than 25%. It 
has also to be mentioned that for about 75% of the cases considered the analytical 
model overestimated the stress magnification factor. The cases where overestimates or 
underestimates greater than 25% were observed are summarised in Table 3.2. With 
reference to Table 3.2, the most severe underestimates were observed for the cases with 
the highest values for all material properties and for both small and large crack sizes (11 
and 12). With respect to overestimates, they were quite significant for two specific 
combinations of material properties, which were identical for both small and large 
cracks as seen in Table 3.2. In general, the proposed model (bracketed term of Equation 
3.15) appears to be more sensitive to the lack-of-fit of Equations 3.11-3.14 for larger 
crack sizes. This is due to the increased magnitude of force PBf6r deeper cracks as well 
as the trend of Equation 3.10 and subsequently Equation 3.9 for greater values of cx/t.,. 
Moreover, all the cases, with the exception of one ý3), reported in Table 3.2, pertain to 
the upper bound value of the range considered for the adhesive modulus (E. /E. =0.07). 
Overall, it can be said that the agreement between the FE results and the analytical 
model is good. 
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Figure 3.13 Comparison between analytical and FE results for YP 
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Table 3.2 Underestimates and overestimates (>251/6) of the bracketed term of Equation 
3.15 (see Figure 3.13 for reference) 
Identifier 
% difference 
FE - Eq. 3.15 
Parameter combination 
Il -60.9 a/tý=0.1, tdtý=0.3, E, /E, =2.3, tjtý=0.05, E. /F, =0.07 
12 -109.9 (x/tý=0.5, t, /4=0.3, F, /E. =2.3, t. /t. =0.05, E, /F, =0.07 
13 -41.4 a/4=0.5, t, /4=0.06, F, /E, =0.7,4/t. =0.05, E. /F, =0.01 
14 29.8 cx/t, =0.1, tc/4=0-3, E, /E. =03, t. /t, =0.01, E. /E, =0.07 
15 28.4 oc/t. =0-1, tc/t, =0.06, Er/E, =2.3, t. /t, =0-01, E. /F. =0.07 
16 34.9 a/t. =0.5, t, /4=0.3, F, /F,. =0.7, t. /t. =0-01, E. /E. =0.07 
17 30.6 oc/4=0.5, tc/t. =0.06, Ec/E. =2.3, t. /t, =0.01, E. /F, =0.07 
3.4 Effect of thermal loading and patch pre-stressing 
3.4.1 Thermal stresses due to a change in temperature 
A change in temperature will result in stresses being developed in the repair, even if no 
external loads are applied. This is due to the different coefficient of thermal expansion 
of the materials involved. The coefficients of thermal expansion used for each of the 
materials are shown in Table 3.3. As seen in Table 3.3, the coefficient of thermal 
expansion for the CFRP is insignificant compared to that of steel. Iherefore, the CFRP 
patch tends to prevent the contraction of the steel plate during a temperature drop. The 
result of this restricted contraction is the formation of stresses in the steel plate. These 
stresses, as well as their effect on the overall perfonnance of the repair are analysed 
herein. The case where the configuration is subjected to a considerable temperature 
drop is considered. 11is scenario may be seen to represent two different events that 
may occur in realistic applications, namely a temperature drop during the cooling stage 
after the repair has been preheated for adhesive curing, as well as in in service 
temperature drop, which, for instance, might occur during winter. 
Table 3.3 Typical thertnal expansion coefficients for steel, adhesive and CFRP 
Material Steel Adhesive I CFRP 
Coefficient of thermal expansion oe, (per IC) 14E-6 40E-6 
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A patched steel plate without a crack, subjected to a temperature drop, is analysed 
in this section. Parametric 2D FE analyses were performed using the *INITIAL 
CONDMONS option available in ABAQUS at the beginning of the analysis in order 
to define the initial temperature of the system. Following this step, a new temperature 
was evenly applied at the nodes of the model during the first step of the analysis. The 
procedure was first validated on a model of the steel plate alone. The strain due to the 
temperature drop obtained from the FE analysis was found to be identical to the one 
from classic theory of elasticity, which is given as Crimoshenko and Goodier 1988) 
Ethermal = aAT (3.16) 
where a. is the thermal expansion coefficient and AT a change in temperature. 
Furthermore, the plain strain conditions assumed for the 2D patched model were 
validated by comparison to the results obtained from a 3D model (see Figure 3.14). The 
3D model, which is shown in Figure 3.15, was constructed with conventional 20-node 
brick elements. 
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Figure 3.14 Comparison of 2D results (plane strain conditions) with those from a 3D 
. 
/E, =0.7, tjt, =0.01, E. /E, =0.01) model (tjtý=0.08, Ec 
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-Iýy lk z 
Figure 3.15 3D model used for validation of the thermal results obtained firom 2D 
showing patch end detail 
The normal stress (a, j distribution in the steel plate along the axis of symmetry, where a 
crack could appear, is observed. In terms of fatigue, any residual cF,,. stresses due to a 
temperature drop could affect the stress ratio (a.,, /cF. J, which affects fatigue crack 
growth (Dowling 1999). Normal stress a,,, distribution along the symmetry line is shown 
in Figure 3.16 for different patch properties. Results for the case where the strengthened 
plate is loaded in tension are shown in Figure 3.17. These stresses are normalised by the 
temperature change and the applied stress, respectively, in order to facilitate their use for 
different values of these parameters and make comparisons for various combinations of 
cy and AT. 
The same plots for different adhesive properties are not shown, since the effect of 
the latter on a, was found to be marginal, with the maximum difference being 3.5% at 
the extremities of the plate. 
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Figurc 3.16 Stress (q, ) distribution along symmetry line due to thermal loading (cr,, 
normalised by temperature drop AT) 
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Figure 3.17 Stress (a,, ) distribution along symmetry line due to tensile loading (ayy 
normalised by remote stress a) 
From Figure 3.16 it is dear that the effect of thermal loading on ay, distribution along 
the symmetry line increases with increasing patch stiffness. This is also evidenced if the 
combined case of thermal and tensile loading is considered, as in Figure 3.18. The 
temperature drop of 35*C, as well as the remotely applied stress of 60MPa. used for the 
plots of Figure 3.18, may be seen as realistic quantities with respect to patch repairs of 
bridge components in service. 
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Figure 3.18 Stress (ayy) distribution along symmetry line due to combined thermal 
(AT=350C) and tensile (cy=60MPa) loading 
As shown in Figure 3.18, considerable ayy stresses are developed along the symmetry line 
due to a temperature drop. 
3.4.2 Patch pre-stressing 
Following the analysis presented earlier for a patched plate with a crack under remote 
tension (see Figure 3.1), the special case where the patch is pre-stressed prior to bonding 
is considered here (Figure 3.19a). In this case, after the patch is bonded and the adhesive 
is fully cured, the pre-stressing patch force is released. As the patch attempts to recover, 
a compressive stress field is developed in the steel plate (Figure 3.19b), which tends to 
keep the crack closed. The effect of patch pre-stressing on the stress magnification 
factor (Y) is assessed here through parametric FE analyses. 
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Figure 3.19 a) Patch pre-stressing prior to bonding and b) pre-stressing released after 
bonding 
The analyses were performed using the *INITIAL CONDITIONS option available in 
ABAQUS in combination with the subroutine SIGINI also available in ABAQUS in 
order to apply an initial tensile stress to the patch at the beginning of the analysis (Figure 
3.19a). This stress was then released during the first analysis step and the conditions of 
Figure 3.19b were obtained, ie. as the patch recovers compressive forces were 
transferred to the steel plate through the shear stresses at the steel/adhesive interface. 
The results for the stress magnification factor (denoted here as Y) are shown in Figure 
3.20 for different patch and adhesive properties. As seen in Figure 3.20, Y, values are 
plotted on the negative side of the vertical axis. Although, a negative value of the stress 
magnification factor is normally not defined, Y, is plotted as negative in order to 
highlight the adverse effect of patch pre-stressing when compared to externally applied 
tension. For a system, which is under the action of both patch pre-stressing and tensile 
loading, knowledge of YP and Y, is essential in order to determine the stress intensity 
factor, which is given as 
K=KP+Kt (3.17) 
where 
Kp = uY ý7-ra p 
and 
Kt = ap Y, V; -ra (3.19) 
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Figure 3.20 Y, for different patch and adhesive properties 
As seen in Figure 3.20, the beneficial effect of patch pre-stressing diminishes with 
increasing crack depth. Furthermore, increasing the thickness of the patch and the 
adhesive makes patch pre-stressing even more beneficiaL as opposed to increasing their 
Young's modulus. 
The effect of patch pre-stressing on the interface shear and peel stresses was also 
observed. Typical shear and peel stress distributions arc shown in Figures 3.21 and 3.22, 
respectively. Furthermore, the shear and peel stress concentrations at regions A and B 
due to patch pre-stressing and how these are affected by the patch and adhesive 
properties are shown in Figures 3.23a and 3.23b. Comparisons with Figure 3.9, which 
relates to the tensile case, indicate that the shear and peel stress concentrations in 
regions A and B due to patch pre-stressing are quite significant and, in some cases, they 
could be higher than those due to tensile loading depending on the relative magnitudes 
of remote tension and pre-stressing. Therefore, if patch pre-stressing is to be applied, 
the combined shear and peel stresses due to both patch pre-stressing and service loads 
have to be accounted for. 
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Figure 3.21 Normalised shear stress distribution due to patch pre-stressing vs 
normalised distance from the aXis of symmetry (t, /t, =0.06, E, /E, =0.7, t,, /t, =0.01, 
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Figure 3.22 Normalised peel stress distribution due to patch pre-stressing vs 
normalised distance from the axis of symmetry (t, /t, =0.06, E. /E, =0.7, t. /t, =o. 01, 
EJE, =0.01) 
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Figure 3.23 Effect of patch and adhesive properties on a) shear and peel stress 
elevation in region A and b) shear stress elevation in region B due to patch pre-stressing 
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3.5 Concluding remarks 
Parametric FE analyses of a steel plate with a crack growing into its thickness direction, 
reinforced with an adhesively bonded CFRP patch were performed. A novel analytical 
model for the evaluation of the stress magnification factor of cracks in patched plates 
was also developed. In order to achieve this, the shear stress distribution was idealised 
by triangular stress blocks, the dimensions of which were obtained by curve-fitting the 
FE results. Ile analytical model presented in this chapter is of considerable value as it 
can be readily used for fatigue life calculations. Moreover, the approximate shear stress 
distributions obtained, may also be used for design calculations in addition to the stress 
magnification factor evaluation. 1he effect of thermal stresses, which develop due to the 
different thermal expansion coefficients of the materials, was also investigated. It was 
found that the stresses developed during a temperature change are significant enough to 
affect the stress ratio (a., jjaj, which subsequently affects fatigue crack growth. Patch 
pre-stressing was examined in the last part of the chapter. The beneficial effect of patch 
pre-stressing on YP was shown to diminish with crack growth. It was also found that 
increasing the thickness of the patch and the adhesive is beneficial, as opposed to 
increasing their modulL 
The accuracy of the model was found to be reasonably good with less than 25% 
differences for approximately 80% of the cases considered. For 75% of the cases, the 
model overestimated the stress magnification factor thus leading to conservative fatigue 
life estimates and the parameter combinations that may lead to significant overestimates 
and underestimates have been identified. However, it is also important to note that the 
current study completely ignores debonding, which, as experiments have shown 
(Tavakkolizadeh and Saadatmanesh 2003b) is a common phenomenon in bonded 
repairs. Debonding is investigated in the next chapter. 
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Chapter 4 Numerical and analytical investigation of 
debonding 
4.1 Introduction 
In Chapter 3, a perfect bond was assumed to exist between the components of the 
repair configuration. Based on this assumption, the beneficial effect of the patch on the 
cracked plate was assessed through the reduction of the stress magnification factor Y, 
which was obtained from FE analyses. An analytical model for predicting Y was also 
developed and presented under the same assumption. However, in reality, loss of bond 
(debonding) between two joined materials may occur in the long term. This may be 
caused due to fatigue or through exposure to aggressive environments. In this chapter, 
debonding is investigated by means of nurneri al and analytical modelling. Ihe current 
study concentrates on the fracture strength of the bond, ignoring any environmental 
effects. 
Ihe results of the stress analysis presented in Chapter 3 which are consonant with 
observations made by other researchers (Andresen and Echtermeyer 2006, Buyukozturk 
et al. 2004), have indicated that in a configuration such as the one considered here, the 
interface between the steel and the adhesive is the area most prone to bond failure. 
Debonding is treated as a crack located at the steel/adhesive interface. 
The end of the bondline has been identified as being particularly critical in terms 
of debonding in many types of adhesive joints due to a high concentration of shear and 
peel stresses at this point (Adams et al. 1997). This type of debonding is tertned here 
edge debonding. However, in the configuration under investigation, the bondline region 
near the parent member crack is also associated with high shear stress concentrations, as 
was evidenced in Chapter 3, which can also lead to debonding (crack mouth 
debonding). In this chapter both of these types of debonding are investigated. For the 
first case, le. edge debonding, an uncracked steel plate with in adhesively bonded 
composite patch is also investigated. The debonding scenarios considered here are 
shown in Figure 4.1. 
Parametric FE analyses are performed for different debonded lengths and the 
strain energy release rate G, which is a measure of the crack driving force, is obtained 
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for the interface crack tips. The effect of debonding length on the crack tip of the 
cracked steel plate (Figure 4.1b-c) is also investigated. 
tc 
a) b) c) 
Figure 4.1 Patched configurations of a) uncracked plate b) cracked plate with edge 
debonding c) cracked plate with crack mouth debonding 
4.2 Effect of debonding on the crack tip of the cracked steel plate 
The effect that the patch detachment from the strengthened plate has on the crack tip 
stress fields is investigated here. Debonding is simulated by removing the tie constraints 
between the substrate and the adhesive layer. FE analyses are performed for various 
debonded lengths and changes in the stress magnification factor Y, which was 
mentioned in Chapter 3, are observed. Each of the debonding scenarios shown in 
Figures 4.1b and 4.1c is considered separately. The effect of parameters such as the 
depth of the crack in the steel plate and the Young's modulus and thickness of the patch 
and the adhesive on Y is also considered. 
4.2.1 Patch end debonding (scenario A) 
For patch end debonding, the relationship between Y and the debonded length f, is 
shown in Figures 4.2 and 4.3 for a shallow crack (ot/t, =0.1) and a deep crack (a/t, =0.5), 
respectively. In these figures, the debonded length i, IS normalised by half the patch 
length t, 12. Naturally the resulting fraction (2f, /f, ) takes values between zero and one, 
which correspond to a fully bonded (no debonding) and a completely detached patch, 
respectively. The different plots correspond to different patch and adhesive properties. 
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Ihe combination with the lowest values for tj%(--0.06), Ec/E, (=0.7), t. /%(=0.01), 
E. /E, (=0.01) which was also considered in Chapter 3 (see Table 3.1) is used here as the 
reference case. The results for the reference case are shown in Figures 4.2 and 4.3 
together with the cases where the values for each of the non-dimensional parameters 
have been replaced by their upper limit values, while keeping the remaining parameters 
constant and equal to those of the reference case. 
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Figure 4.2 Stress magnification factor Y vs normab ed debonded length WdM for 
patch end debonding in a patched steel plate containing a shallow crack (pc/t, =0.1) 
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Figure 4.3 Stress magnification factor Y vs normab ed debonded length (2td/1) for 
patch end debonding in a patched steel plate containing a deep crack (a/tý=0.5) 
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As can be seen in Figures 4.2 and 4.3, Y is more or less constant for all cases over 
a wide range of 2'd/lc values. The effect of debonded length on Y becomes evident for 
greater than approximately 0.65. Beyond this value, Y increases with values of 21d/Ic 
increasing debonded length. With reference to the figures, the values of zero and one in 
the horizontal axis correspond to a fully bonded patch and an unpatched edge cracked 
plate, respectively. Values of Y for these cases were also reported in Chapter 3. Due to 
the insensitivity of Y on 21d/1, the curves in both figures are non-intersecting and 
therefore comment made in Chapter 3 regarding the effect of patch and adhesive 
properties on Y remain valid here for 24/4 UP to approximately 0.75. Finally, YP 
derived in Chapter 3 also holds for edge debonding. 
4.2.2 Crack mouth debonding (scenario B) 
The results for crack mouth debonding are shown in Figures 4.4 (pt/t, =0.1) and 4.5 
(cx/ý=0.5). 
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Figure 4.4 Stress magnification factor Y vs normnli ed debonded length (2'd*/Ij for 
crack mouth debonding in a patched steel plate containing a shallow crack (a/t, =0.1) 
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Figure 4.5 Stress magnification factor Y vs normab ed debonded length (2td*/') for 
crack mouth debonding in a patched steel plate containing a deep crack (ac/%=0.5) 
As can be seen in Figures 4.4 and 4.5, Y increases for small debonded lengths 
irrespective of crack size (oc/Q. 11crefore, in terms of Y, crack mouth debonding 
appears to be more critical than edge debonding. For shallow cracks (ac/%=0.1) initial 
debonding leads to an initial increase in Y followed by a fairly constant Y. This is not 
observed for deeper cracks where Y increases at different rates (depending on material 
and geometric parameters) over the entire range of Vd*fl, values. Ihe criticality of Y 
(ranking) with respect to the material and geometric parameters considered remains 
unchanged as evidenced by the non-intersecting curves. Ilerefore, comments made in 
Chapter 3 for Y dependence on patch and adhesive properties remain valid here. For 
crack mouth debonding, YP derived in Chapter 3 is not valid. 
4.3 FE modelling of debonding using interface fracture mechanics 
In addition to Y, which can be used to estimate the growth rate of the crack in the steel 
plate, the use of an appropriate fracture parameter is necessary in order to ascertain the 
rate at which debonding occurs. The energy release rate G is a well established fracture 
mechanics parameter, which is used in many adhesive joints related studies. This section 
describes the FE model used to estimate G numerically. 
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4.3.1 Model description 
Overall, the geometry investigated here is the same as the one described in Chapter 3, 
with debonding being the only new feature. Debonding is assumed to initiate either 
from the end of the patch (see Figure 4.1b) or the crack mouth (see Figure 4.1c). Ihe 
case of a patched uncracked plate, with debonding being initiated from the end of the 
patch (Figure 4.1 a) is also considered. 
Ihe FE code ABAQUS is used to model the geometries of Figure 4.1. Due to 
symmetry about the x-axis, only half the configurations shown are modelled with the 
use of the appropriate boundary conditions. Tie constraints (*TIE) are applied at the 
interfaces between the materials, except for the debonded areas, also shown in Figure 
4.1, which are left free. The surfaces of the stiffer materials (steel and CFRP) are 
assigned as master, while the surfaces of the adhesive are assigned as slave. In the case 
of crack mouth debonding, contact interaction properties (*CONTACT PAIR) are 
applied all along the debonded length of the steel/adhesive interface, in order to prevent 
penetration of one part into the other. Master/slave surfaces are assigned as for the de 
constraints. Both tangential behaviour (frictionless) and normal behaviour C'hard" 
contact, allowing separation after contact) were assigned along the debonded length of 
the interface. 
Ile crack tip area of the interface cracks is modelled using six rings of elements 
(contours) with sixteen elements per contour (see Figure 4.6). The inner contour 
consists of collapsed elements with quarter point node shift, which are also used to 
model the crack tip in the steel plate (Chapter 3). The remaining contours are 
constructed using conventional elements. ABAQUS allows direct strain energy release 
rate 0-integral) evaluation based on the domain integral formulation. 
Figure 4.6 FE mesh detail of the crack tip area 
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4.3.2 Convergence study 
A convergence study was performed and it was found that increasing further the 
number of elements per ring and reducing the ring size had no effect on the interface J- 
integral output, thus increasing confidence in the mesh used. As expected, due to path 
independence, the J-integral values obtained for each contour were almost identical with 
the maximum difference being 0.5%. 
The readily available J-integral values were also compared with results from the 
interface fracture mechanics theory, which states that the energy release rate for a crack 
located at the interface between two dissimila materials, is given as (Malyshev and 
Salg2nik 1965) 
(K*2 + K*2 G= 
E* I Il 
where P is Dundurs' elastic mismatch parameter (Dundurs 1969) which for plane strain 
is given as 
1 pl(I-2V2)-#U2(1-2v, ) 
(4.2) 
2 Ul(l-V2)+112(1-Vl) 
and 
E. 2 
(Ei 
E2) (4.3) 
In Equation 4.2, IL,,, and v,,, are the shear modulus and Poisson's ratio of the respective 
materials (see Figure 4.7) and in Equation 4.3, EI, 2 = E, 
/(l 
-2 ,2 
Vi, 2 ) in plane strain and 
E1,2 = E1.2 in plane stress. Y., * and IC,, * in Equation 4.1 are the real and imaginary parts 
of the complex stress intensity factor K, * + iV.,, * for interface crack tips (Hutchinson and 
Suo 1992, Rice 1988). With reference to Figure 4.7 
)-V2 (a,,, + irg, )O=o = (KI + iK,, )(2; zr r" (4.4) 
where 
rle = cos(eln r) + isin(Eln r) (4.5) 
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and e is a bimaterial constant, given as 
In 
x 
Material 1 
ýLI, Ei, vi r0 
92, E29 V2 y 
Material 2 
Figure 4.7 Geometry and definition of interface crack 
(4.6) 
In Equation 4.4, the shear and peel stresses rxy and a., are obtained from the FE 
analyses at the quarter shifted node of the crack tip element, i. e. the first node ahead of 
the crack tip. However, as was expected (Rice 1988), it was found that if stresses were 
obtained even at a greater distance from the tip, i. e. greater r value, V., * and K11* and 
hence G, do not vary significantly. Ihe maximum difference found between the results 
from the quarter shifted node and those from up to two elements away from the crack 
tip, in terms of G, was less than 2%. 
A typical comparison between the direct J-integral. output and G obtained from 
Equation 4.1, for both debonding scenarios A and B and for different patch and 
adhesive thickness and Young's modulus combinations, may be seen in the plot of 
Figure 4.8. The agreement is very good with the maximum difference being less than 
5%. 
2 
n 
i3 I 
0 
Crack mouth debonding (shallow crack) 
Patch end debonding 
Figure 4.8 Comparison between j (direct FE output) and G of Equation 4.1 
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4.4 Results and discussion 
Following the description of the FE models, results are now presented for the 
geometries shown in Figures 4.1a-c in terms of the strain energy release rate G as a 
function of the normalised debonded length (24/4 
4.4.1 Uncracked patched steel plate 
The simple case of patch end debonding in a patched steel plate without a crack (Figure 
4.1a) is considered first. The strain energy release rate G, normalised by the square of 
the applied stress a and the plate thickness t., and Young's modulus E,, is plotted in 
Figure 4.9 against 21d/f,. Again, as in Section 4.2 the combination tjt: ', =0.06, 
Ec/E, =0.7, tjtý=0.01, E. /E, =0.01 is taken as the reference case. It is apparent that G 
increases rapidly with Id over a very small debonded length (approximately 2.5% of 
1, /2). Irrespective of material or geometric properties, it then remains constant up to a 
debonded length of approximately 65% of 1, /2. Beyond this approximate value and as 
Id approaches the axis of symmetry (Figure 4.1a), G decreases. Ibis is due to the low 
strain near the middle of the loaded plate, which is translated to a minor load transfer 
from the plate to the patch through the interface and hence low interface stress. In 
other words, for very large debonded lengths, G decreases but only because the patch 
becomes ineffective. 
0.05 
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0.03 
Li 
0 0.02 
0.01 
Figure 4.9 Nortnalised strain energy release rate G[Ej(cý Q] vs normalised debonded 
length (21d/t) for patch end debonding in a patched steel plate (Figure 4.1 a) 
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As shown in Figure 4.9 the greatest influence on G may be attributed to the 
properties of the patch (tjt, and EJE). For example, by considering initially the 
reference case and increasing the thickness or the Young's modulus of the patch leads 
to an increase of G of up to 2-2.5 times. By contrast, simila increases in the properties 
of the adhesive (tj% and EJE) have only a minor effect on G. Iberefore, and again 
with regard to the reference case, increasing the adhesive's Young's modulus has almost 
no effect, with the exception of large debonded lengths (over 75% of 1. /2), where there 
is a more significant increase in G. Such large debonded lengths however, are of little 
practical interest. Overall, increasing the thickness of the adhesive produces a slight 
overall reduction in G. However, in this case there is a significant reduction in G (up to 
approximately 50%) over very small debondcd lengths (less than 2.5% of 1,, /2). TIds 
suggests that a thicker adhesive layer would delay the initiation and early growth of an 
interface crack from a bond defect. On the other hand, it is well known that thick 
bondlines are susceptible to a number of defects, and this has to be taken into account 
in practical applications. 
4.4.2 Cracked patched steel plate 
4.4.2.1 Patch end debonding (scenario A) 
Figures 4.10 and 4.11 show the variation of G with debonded length (21d/Ij assuming 
patch end debonding in a cracked steel plate. 'Me former pertains to a shallow crack 
(oc/%=0.1) while the latter is related to a deep crack (a/%=0.5). Since the patch end area 
is far from the crack, G is the same for a wide range of edge debonded lengths 
irrespective of whether there is a shallow, deep or no crack in the steel plate. Iberefore, 
for edge debonded lengths up to 65% of IJ2, G values in the respective curves of 
Figures 4.9-4.11 are of the same magnitude. The first point in Figures 4.10 and 4.11 is 
taken at a greater debonded length (5% of Ic/2) than in Figure 4.9 (0.0125% of 1, /2), at 
which point G has reached a constant value (see Figure 4.9). This is conservative since 
G becomes constant at an even smaller debonded length (2.5% of 1, /2) as evidenced in 
Figure 4.9. In the range 0.05<2'd/Ic<0.65, the ranking (higher-lower) in the values of G 
as a function of tjt, and EJE, is preserved for shallow (cx/%=O. I) and deep (oc/%=0.5) 
cracks. As in the case of the uncracked patched plate, E, /E. has almost no effect on G, 
while t.. /% has only a minor effect, with the exception of the deep crack case and for 
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21d/1, >0.45 where there is a noticeable increase in G with increasing t. /%. The ranking 
in G presented here for different patch and adhesive properties is generally opposite to 
the ranking in Y presented in Chapter 3. 
The results shown in Figures 4.9-4.11 suggest that, for design purposes, it would 
be reasonable to use values of G which correspond to the plateaus depicted in these 
plots. Ilese values would remain valid within the range 0.025<24/4<0.65. 
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Figure 4.10 Normalised strain energy release rate G[E, /(Gý, Q] vs normalised debonded 
length (Vdfl) for patch end debonding in a patched steel plate containing a shallow 
crack (oc/t, =0.1) 
0.35 
0.30 
0.25 
"2 
0.20 
L5 0.15 
0.10 
0.05 
OM 
tc/ts=0.06, Ec/Es=0.7, tatts=0.01, O. Ri7-0.01 
-o- tcAs=0.3, Ec/Es=0.7, WAs=0.01, Ea/Es=0.01 
A tc/ts=0.06, Ec/Es=2.3, tatts=0.01, Ea[Es=0.01 
-n-tefts=0.06, Ec/Es=0.7. tatts=0.05, Ea/Es=0.01 
w tc/ts=0.06, Ec/Es=0.7, ta/ts=0.01, Ea/Es=0.07 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
21dIfe 
Figure 4.11 Normalised strain energy release rate G[E, / Q] vs nonnalised debondcd 
length (2'd/'J for patch end debonding in a patched steel plate containing a deep crack 
((x/ý=0.5) 
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4.4.2.2 Crack mouth debonding (scenario B) 
Results, for the case where the interface crack grows from the mouth of the crack in the 
steel plate, are presented in Figures 4.12 (shallow crack, a/t, =0.1) and 4.13 (deep crack, 
a/%=0.5). Results for an intermediate crack size (at/%=0.3) are also presented in Figure 
4.14. As shown in these figures, G is relatively high for small debonded lengths and 
gradually reduces as the debonded length increases. However, the value of G increases 
again when the debonded length approaches the middle of the patch (axis of symmetry), 
with the most pronounced increase being observed for shallow cracks (see Figure 4.12) 
and debonded lengths greater than approximately 30% of the length of the patch. 
Figures 4.12-4.14 suggest that if debondýng initiates from the crack mouth of a shallow 
crack ((x/%=0.1), it will propagate at a slower rate than patch end debonding up to 
approximately 5% of the patch length and then cease to propagate. However, 
simultaneous growth of the crack leads to a gradual increase in G and hence possible 
debonding rc-initiation. 
The combination tc/t, =0.06, E, /E, =0.7, tj%=0.01, E. /E, =0.01 is used also here 
as the reference case. G ranking as a function of patch and adhesive properties 
observed for patch end debonding appears here in reversed order. Therefore, as 
indicated in Figures 4.12-4.14 and more clearly for small debonded lengths, increasing 
the thickness of the patch and the adhesive and the Young's modulus of the patch has a 
favourable effect (G reduction), while increasing the Young's modulus of the adhesive 
leads to an increase in G. This ranking is generally preserved for shallow and deep 
cracks. However, the greatest influence on G for this case is certainly attributed to the 
depth of the crack in the steel plate. An increase in the crack depth is able to raise G by 
several times (up to approximately 20 times). 
Contrary to the conclusions drawn from Figures 4.10 and 4.11, debonding in the 
vicinity of the crack produces highly variable values of G. The large variation of G 
suggests that case specific FE analysis would need to be carried out in order to end up 
with an appropriate patch design. 
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Figure 4.12 Normalised strain energy release rate G[E, / Q vs normalised debonded 
length (2td*/')for crack mouth debonding in a patched steel plate with a shallow crack 
(OC/t. =O-1) 
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Figure 4.13 Nortnab ed strain energy release rate G[E, / vs normalised debonded 
length (21d*/Ij for crack mouth debonding in a patched steel plate with a deep crack 
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Figure 4.14 Normalised strain energy release rate G[Ej(cý Q] vs normalised debonded 
length (21d*/Ij for crack mouth debonding in a patched steel plate with an intermediate 
crack (oc/tý=0.3) 
4.5 Analytical modelling 
As mentioned previously, the strain energy release rate G, , is a measure of the 
interface 
crack driving force and therefore it is useful for assessing the strength of the interface. 
Furthermore, if known, it can be used in Paris crack growth model for estimating the 
fatigue life of the bond. An attempt for providing an analytical tool, where possible, for 
estimating G is made herein. By observing Figures 4.10 and 4.11, it becomes clear that 
an analytical model for G can readily be developed for patch end debonding, due to the 
plateaus observed in G values. By contrast, Figures 4.12-4.14 indicate that for the crack 
mouth debonding case, obtaining an analytical model for G becomes considerably more 
involved. This is due to the large variation of G values with respect to various 
parameters, such as the crack depth, the debonded length and the patch and adhesive 
properties. Therefore, the patch end debonding case will only be considered here. 
In order to obtain an analytical solution for G, a sirnila procedure to the one 
described in Chapter 3 for the analytical model for the stress magnification factor Y, is 
followed here. Therefore, parametric FE analyses are carried out and the results in terms 
of G are curve-fitted. The same parameters and ranges with the ones used in Chapter 3 
are also considered here. Since the crack in the steel plate is not critical to the patch end 
debonding scenario, the uncracked patched plate model is used. Only the patch 
properties are accounted for, wl-Oe the adhesive properties are ignored due to their 
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minor effect on G values (see Figure 4.9). Furthermore, the debonded length is not 
taken into account. For simplicity, the analyses arc carried out for a fixed debonded 
length (21d/Ic=0.05). However, this debonded length is within the wide range 
0.025<21d/i, <0.65, for which a constant value of G is observed. 
Ile numeri al values for G were first normalised and then curve-fitted. Ile best- 
fit function obtained was 
G=a 
2 
t, 0.042(L' 
)-0.224 
+0.102 
0.181] 
(4.7) 
ts Es ts 
The goodness-of-fit of Equation 4.7 may be seen in Figure 4.15, which is a plot of the 
values obtained from the equation against the FE results. Also shown are the mean and 
the coefficient of variation (COV) for the curve-fit. For the cases studied here, the 
difference between FE and Equation 4.7, was found to be approximately 
10%. 
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Figure 4.15 Goodness-of-fit of Equation 4.7 with the FE values 
4.6 Concluding remarks 
In this chapter, debonding in in adhesively bonded composite patch repair of a steel 
plate was investigated. Two separate cases were considered, namely, the case of an 
uncracked steel plate and the case of a steel plate containing a single crack in the 
thickness direction. For the second case, in addition to the case of debonding from the 
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ends of the repair, debonding from the area near the mouth of the crack in the steel 
plate was also considered. For both cases, debonding was modelled as a crack growing 
along the interface between the steel and the adhesive. 
FE analyses were performed and the effect of debonding on the steel crack tip 
stress fields, expressed in terms of Y, was investigated first. Patch end debonding was 
found not to affect the stress magnification factor Y up to relatively large debonded 
lengths (approximately 32.5% of the patch length). Beyond this value, Y was found to 
increase as debonding was increased. However, this case is not of practical importance, 
since the patch would become ineffective and would have to be replaced long before 
debonding progresses to that extent. By contrast, crack mouth debonding was found to 
have a significant effect on Y, over the entire range of debonded lengths. 
The strain energy release rate was determined both through the domain integral 
formulation available in ABAQUS, which allows direct kintegral evaluation, and, also 
using the interface mechanics theory outlined in Section 4.3.2. The results from both 
methods were compared and excellent agreement was observed. 
For the steel plate without the crack, G was found to initially increase rapidly over 
a very small debonded length (approximately 1.25% of patch length). Beyond this point, 
it remained constant up to a debonded length of approximately 32.5% the patch length. 
It was also found that the properties of the patch have the greatest influence on G, 
which increases with increasing patch stiffness. The Young's modulus of the adhesive 
has negligible effect on G. Finally, increasing adhesive thickness leads to a reduction in 
G, which is more pronounced for very small debonded lengths. Notwithstanding the 
practical difficulties associated with thicker bondlines, this suggests that a thicker 
adhesive layer would delay the initiation and early growth of an interface crack from a 
bond defect. 
For the steel plate with the crack, the results for the end of patch debonding are 
the same with those for the uncracked plate up to debonded lengths of about 32.5% of 
the patch length. In the range 0.05<Vd/t, <0.65, the ranking (higher-lower) in the values 
of G, as a function of tj% and Ec . 
/E,, is preserved for shallow and deep cracks. As in 
the case of the uncracked patched plate, EJE, has almost no effect on G, while t. /t, has 
only a minor effect, with the exception of the deep crack case and for 24/4>0.45 
where there is a noticeable increase in G with increasing tj%. The ranking in G 
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presented here for different patch and adhesive properties is generally opposite to the 
ranking in Y presented in Chapter 3. 
For crack mouth debonding, G is relatively high for small debonded lengths and 
gradually reduces as the debonded length increases. G ranking as a function of patch 
and adhesive properties observed for patch end debonding appears here in reversed 
order. Therefore, increasing the thickness of the patch and the adhesive and the Young's 
modulus of the patch resulted in reduction of G, while increasing the Young's modulus 
of the adhesive resulted to an increase in G. This ranking was generally preserved for 
shallow and deep cracks. However, the greatest influence on G for this case is certainly 
attributed to the depth of the crack in the steel plate. An increase in the crack depth is 
able to raise G by several times (up to approximately 20 times). 
Ihe analytical model developed for estimating G in patch end debonding cases 
was in good agreement with the FE results. However, for debonding in the vicinity of 
the crack, highly variable values of G were observed, which make the development of a 
simila model for estimating G considerably more involved. 
Following the nurneri al and analytical study, presented in the current as well as the 
previous chapter, an experimental investigation is carried out next. The main objective 
of the latter is to validate the analytical model for YP presented in Chapter 3. 
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Chapter 5 Experimental investigation 
5.1 Introduction and outline of experiments 
The analytical model presented in Chapter 3, for the calculation of the stress 
magnification factor YP for patched cracks and hence fatigue life prediction, is 
experimentally validated in this chapter. Here, static tests are initially carried out to 
determine the tensile strength, Young's modulus and the stress-strain relationship for 
both steel and composite. Ile steel used for testing had a nominal yield stress of 
355MPa, while the composite was a CFRP. Following these tests, fatigue tests are 
carried out in plain steel centre-cracked specimens for the evaluation of the Paris 
constants C and m. Finally, fatigue tests of patched steel specimens with cracks are 
performed and crack growth data are obtained. The experimentally obtained crack 
growth data are compared with the calculations made using the experimentally obtained 
C and m parameters coupled with the analytical model for YP presented in Chapter 3. 
5.2 Tensile tests 
Ile tensile properties of the steel and composite were obtained from tensile tests. These 
quasi-static tests are described in the following sections. 
5.2.1 Steel specimens 
Tensile tests of steel coupon specimens of grade S355j2G3 (BS EN 10027-1 1992) used 
throughout this work, were undertaken in accordance with ASTM E8M (2004). The 
dimensions of the coupon specimens are shown in Figure 5.1a. The nominal yield 
strength and tensile strength of the steel grade used are 355 MPa and 470-630 MPa, 
respectively (BS EN 10025-2 2004). Two specimens were tested. Both sides of the 
specimens tested were gauged in the longitudinal direction at mid-level with 8mm strain 
gauges (Showa Measuring Instruments Co Ltd, Tokyo, Japan). The steel surface was 
rendered wet with an acidic solution, roughened thoroughly using emery paper and, 
finally, cleaned with a neutraliser. Vishay's M-Bond 200 adhesive (Vishay, Micro- 
Measurements, USA), which is certified for strain gauge application, was used for 
bonding the gauges. An Instron 550OR testing machine was used to perform the test. In 
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accordance with the recommendations given in ASTM E8M (2004), the load was 
applied at an extension rate of 0.5mm/min (approximately 1.55MPa/s) up to the yield 
point and a rate of 3.5tntn/min (approximately 0.05m/m of the length of the reduced 
section per minute) beyond that. The tensile properties of the steel used obtained from 
testing are presented in Table 5.1, while Figure 5.1b shows the specimens after failure. 
Figure 5.2 shows the plot of stress against the axial strain in the longitudinal direction. 
The axial strain shown in Figure 5.2 is the average of the two values obtained from the 
two strain gauges (one on each side). Strain values to failure could not be recorded due 
to gauge detachment caused by the excessive elongation. However, the values of strain 
obtained are sufficient for the determination of the desired properties (yield strength 
and modulus of elasticity). 
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Figure 5.2 Stress-strain plot for steel 
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Figure 5.1 Steel coupon specimens a) before and b) after testing (dimensions in mm. ) 
Table 5.1 Tensile properties of steel 
Specimen 
Yield Strength 
(MPa) 
Tensile 
Strength 
Modulus of 
Elasticity 
Elongation 
(0/0) 
Lower Upper (MPa) (GPa) 
A 482.6 497.8 570.8 198.2 21.6 
B 478.8 509.5 574.8 205.5 21 
Average 480.7 503.7 572.8 201.9 21.3 
As evidenced in Table 5.1, the yield strength obtained from the tests is much higher 
than the nominal value of 355MPa. However, nominal values are always indicative and, 
generally, results firom tests on specimens taken firom different material batches usually 
V2fy. 
5.2.2 CFRP specimens 
Tensile testing on CFRP specimens was performed in accordance with ASTM D3039M 
(2000). Two specimens were tested, which were cut to the dimensions shown in Figure 
5-3a using a plate manufactured in the laboratory. 11iree plies of a pre-preg 
(VTM264FRB IM7 UD) manufactured by ACG (Advanced Composites Group, Derby, 
UK) were used for manufacturing the plate. In general, a pre-preg or pre-impregnated 
material is a product which consists of fibres that have been coated in a resin matrix 
material. Ile resin is not cured in order for the material to be flexible and easy to shape. 
Ile pre-preg used here was a unidirectional carbon fibre reinforced polymer with ply 
thickness of 0.32=rL The material was cured at the minimum curing temperature of 
65"C for 16 hours. The specimens were then cut using a water-cooled diamond tipped 
saw. Aluminium. tabs were bonded to the specimen ends using a two-part epoxy 
adhesive (3M DP490), which was allowed to cure for 24 hours at room temperature. 
Clamps were used to force out the excessive adhesive. The length of the specimen and 
the face of the aluminium tab to be bonded were roughened with emery paper and 
cleaned with acetone to enhance bonding. Both sides of the specimens tested were 
gauged with 8mm strain gauges. Ile strain gauge on one side was placed transversely 
(see Figure 5.3a) in order to determine the Poisson's ratio of the material. Ile gauges 
were bonded using M-Bond 200 adhesive. Prior to bonding the surface of the 
specimens was lightly roughened with emery paper and cleaned with acetone. The load 
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was applied at a strain rate of 2mm/min. in accordance with ASTM D3039M (2000), 
which states that failure should occur between 1 and 10 minutes. The specimens after 
failure are shown in Figure 5.3b. Figure 5.4 shows plots of stress against strain in the 
longitudinal (y) and the transverse (x) directions. Unfortunately, due to the rather early 
detachment of the strain gauges, strain values could not be recorded to failure. 
However, the strain range obtained was sufficient and in conformity with the ranges 
suggested in (ASTM D3039M 2000) for determining the elastic modulus and the 
PoiSson's ratio of the material, which are given in Table 5.2. 
a) Thickness: 0.96 b) 
Figure 5.3 CFRP coupon specinlens a) before and b) after tesung (dimensions in nim) 
IL 
Figure 5.4 Stress-strain plot for CFRP 
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Table 5.2 Tensile properties of CFRP 
Specimen Tensile strength 
(MPa) 
Modulus of Elasticity 
(GPa) 
Poisson's ratio 
A 2071.6 133.3 0.26 
B 2037.4 129.2 0.28 
Average 2054.5 131.3 0.27 
The values shown in Table 5.2 are In good agreement with the nominal values provldcd 
by the manufacturer, as well as tests on the same material presented in (Photiou 2005), 
with differences being in the range of 2-4.5%. 
5.3 Paris parameters (C, m) for steel 
In order to measure the crack growth rate and subsequently detertruine C and in for the 
steel used, fatigue tests of steel specimens were performed in accordance with ASTM 
E647 (2000). 
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Figure 5.5 Centre cracked specimen (dimensions in nun) 
Accordingly, fatigue tests were carried out on centre notched specimens whose 
dimensions are shown in Figure 5.5. An Instron 1341 servohydratdic fatigue testing 
mach-ine was used to, initially, fatigue pre-crack the specimen while conforming with the 
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recommendations given in ASTM E647 (2000). In doing so, two sharp, straight and 
symmetrical cracks were initiated, which were allowed to grow up to approximately 
1rnm (2ac=6mm) before any crack length measurements were recorded. This was done 
to eliminate the SIF-dominant crack growth results observed near the notch. At the 
same time the load was progressively stepped down allowing for sufficient crack 
extension per step. At the end of the pre-cracking process, the two cracks (left-right tip) 
were horizontal and did not differ by more than 2%. The remainder of the test was 
carried out at a stress range Aa of 75MPa and a cyclic frequency of 1OHz. A sinusoidal 
wavefonn and a stress ratio R of 0.1 were used throughout the test. The test was held 
over up to a crack length reaching approximately 70% of the width of the plate 
(2a/W=0.7). Two crack length (x) recordings (left-right) were made at regular cycle (N) 
intervals using a travelling microscope (see Figure 5.6). Crack measurements were only 
taken from one face of the specimen. The test was briefly interrupted at regular intervals 
and a static force equal to the fatigue mean force was applied to enhance crack tip 
resolution, while crack measurements were obtained. The average of the two crack tip 
measurements was used to obtain the fatigue crack growth rate dcx/dN. The log-log plot 
of doe/dN versus the SIF range AK is shown in Figure 5.7. In the plot of Figure 5.7, AK 
was obtained from (ASTM E647 2000) 
4K = 4o 
7 
asec1--' (5.1) 
w) 
The relationship of dcx/dN against AK as this is obtained using typical C and m values 
specified in BS 7910 (2005), is also plotted in Figure 5.7. The experimental results are 
close to those proposed by BS 7910 considering the scatter commonly observed in 
fatigue results. Using the data points of Figure 5.7 corresponding to da/dN values less 
than 1E-mm/cydc, five points of approximately equal spacing were selected and fitted 
by a straight line Oinear regression fit) in order to estimate the fatigue crack growth 
threshold value of the SIF (AK. ) (ASTM E647 2000). The points used are depicted with 
open symbols in Figure 5.8a. As per ASTM E647 (2000) AK,,, was subsequently 
calculated using the equation of the fitted line, extrapolated to doc/dN equal to IE- 
"mm/cycle. The data points for da/dN values greater than 1F5 were fitted using power 
regression, in order to estimate C and m (see Figure 5.8b). The results obtained for C, m 
and AICh are presented in Table 5.3 together with typical values for steels found in BS 
7910 (2005). 
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Figure 5.7 Log-log plot of doc/dN versus AK 
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Figure 5.6 Apparatus for fatigue testing of centre cracked specurietis 
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Table 5.3 AKh, C and m obtained from test versus typical values for steel (BS 7910) 
Source 
AK,, 
(Wa, 
ýfmm) 
C m 
Test 220 2.26E-13 2.98 
BS 7910 148.6 5.21E-13 3 
The difference in AK,, evidenced in Table 5.3 is acceptable considering that the value 
given by BS 7910 (2005) is rather conservative. 
5.4 Fatigue crack growth in patched specimens 
5.4.1 Specimen description 
Having established the tensile properties of the steel and composite and the fatigue 
properties of steel, composite patched steel specimens were prepared for fatigue testing. 
The configuration of these specimens may be seen in Figure 5.9. In order to maximise 
the number of data obtained per test, four notches were machined symmetrically in each 
specimen. As shown in Figure 5.9, the notches were placed on opposing faces A and B 
of the specimen in order to eliminate any overall bending effects. In Figure 5.9, the 
distances, along the length of the specimen, between adjacent crack tips were 
determined on the basis of minimal interaction. Care was also taken to avoid any 
interaction between the crack tips on Face A and the grip areas. 1hus, in designing the 
specimens, 2D FE analyses (see Figure 5.10) were carried out in order to determine 
these distances and hence examine the relevance of the specimen with the configuration 
analysed in the preceding chapters (see for example Figure 3.1). The analyses were 
performed for deeply cracked geometries (ac/t, =0.5), which, in terms of interaction, is 
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considered to be the worst case. The results, in terms of Y obtained from the analyses 
of the two configurations shown in Figure 5.10, were identical. 
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Figure 5.9 Geometry of patched cracked specimens (dimensions in mm) 
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Figure 5.10 Contour plots and crack tip area magnifications from 21) FE analyscs of a) 
configuration used in tests and b) geometry analysed in Chapter 3 
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5.4.2 Pre-cracking 
Prior to the application of the CFRP patches, the steel specimens were pre-cracked to a 
sufficiently large initial crack size. The cracks were monitored visually using a traveling 
microscope. The crack sizes measured at the end of the pre-cracking stage are shown in 
Table 5.4. The values shown include the size of the notch (a). In the case of the first 
specimen (A), the machined notches were smaller (ot. =lmm) in an attempt to obtain 
results from smaller initial crack sizes. However, as evidenced in Table 5.4, by the end of 
the pre-cracking stage, with the exception of one notch, all notches failed to initiate a 
crack with a straight front. By contrast, use of a longer notch in specimens B and C 
resulted in more straight-fronted cracks being initiated by the end of the pre-cracking 
stage. 
Table 5.4 Crack sizes obtained after pre-cracking Cm mm) 
Notch I Notch 2 Notch 3 Notch 4 
Specimen (Face A) (Face B) (Face B) (Face A) 
Side I Side 2 Side 1 Side 2 Side I Side 2 Side 1 Side 2 
A 
3.25 1.05 1.4 1 1.3 1.05 1.4 1.3 
(0(. =lMM) 
B 
3.6 3.5 2.4 2.4 2.6 2.6 3.5 2.3 
((x. =2mm) 
C 
2.6 2.45 3.4 3.4 3.05 3 2.7 2.7 
(a. =2mm) I I I I I II I i 
5.4.3 Crack propagation sensors instaflation 
Following pre-cracking, special purpose crack propagation sensors CIK-09-CPA02- 
005/DP) supplied by Vishay were installed. Ihese consist of a number of resistor 
strands (20 at 0.5mm spacing between centrelines) connected in parallel. When bonded 
to a surface, propagation of a surface crack through the sensor pattern causes successive 
open-circuiting of the strands resulting in in increase in the total resistance of the sensor 
(see Figure 5.11a). The sensors were bonded on the thickness side of the steel 
specimens using Vishay's M-Bond 600 adhesive. The data acquisition system used had 
only four terminal blocks (channels) and therefore sensors were only bonded on one 
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side of the specimens, the one with the deep crack (see Table 5.4). An acidic solution 
and emery paper were used to prepare the surface, which was then cleaned using a 
neutraliser. The adhesiVe was applied on both the specimen and the sensors and was 
allowed to dry for 10 minutes prior to bonding. After bonding, the sensor area was 
covered with a piece of thin Teflon sheet, which was anchored in position across one 
end using a piece of heat resisting tape (Mylar). A piece of silicone gum pad and an 
aluminium backup plate cut to a slightly larger siZe than the sensor area were placed and 
centred on top. Clamps were used to apply pressure on the assembly in order to ensure 
that the adhesive was spread. The clamped assembly was then placed in a cool oven and 
the temperature was raised to 125'C at a rate of 5'C per minute. The assembly was 
allowed to cure at 125'C for approximately two hours. At the end of the curing cycle, 
the oven temperature was allowed to drop to 35'C before removing the assembly. A 
silicon rubber protective coating (Dow Coming 314ORTV) was finally applied over the 
sensor area excluding the soldering tabs. A complete sensor installation is shown in 
Figure 5.1 1b. The exact position of each sensor and the distance of the first strand with 
reference to the edges of the specimen were determined using a n-ucroscope. 
50 -- - 
45- 
Direction of 
40-Propagation 
p 35- 
Z 0D 
ILI 
30, 
Ug 
2 25 
go 
20 _ 
CPA01 
CPA02 
15--- 
10 
5 
0 
2C 
b) 
Figure 5.11 Crack propagation sensors a) Example of stepped increase in resistance 
with breaking strands (Vishay 2005) and b) Complete sensor installation 
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5.4.4 Specimen preparation 
Following the installation of the sensors, the CFRP patches were bonded to the steel 
specimens. Since the key to a good and durable bond is surface preparation, the steel 
surface to be patched was grit-blastcd and then cleaned with acetone to remove any 
contaminants. An adhesive film (VTA 260) manufactured by ACG was used for 
bonding the CFRP to the steel. The elastic modulus for the adhesive film was given as 
3.5GPa by ACG. However, this value is nominal and was not verified independently in 
this work through tests due to the complexity of the testing method for adhesives. The 
pre-preg and the adhesive film were cut to the desired dimensions (30x80mM). One 
layer of adhesive film was bonded to the steel surface and three layers (plies) of the pre- 
preg were stacked on top of it. The assembly was wrapped in a protective film (Halar). 
Backup steel plates cut to the dimensions of the patched areas were placed on top. The 
final assembly was clamped and placed in a cool oven. The temperature was raised to 
650C at a rate of 2'C per minute. The specimen was allowed to cure at 65"C for 
approximately 16 hours. At the end of curing cycle, the oven temperature was allowed 
to drop to 35)C before removing the assembly. The thickness of both the steel plate 
alone and the patched configuration was measured and found equal to 15.1mm and 
16-2mm, respectively. These values are the average of many measurements taken at 
different points. The thickness of the CFRP tensile coupon specimens, which were also 
prepared using three plies of the pre-preg, was measured at 0.96mm. Therefore, the 
thickness of the adhesive was approximately 0.14-0.15mm. 
5.4.5 Test procedure and results 
For the purposes of these tests, an Instron 8800 servohydraulic fatigue testing machine 
was used. 1he test was carried out at a stress range Aa of 130MPa and a cyclic frequency 
of 2.5Hz. A sinusoidal waveform and a stress ratio R equal to 0.1 were used throughout 
the test. A strain indicator and recorder with the capability of recording up to ten 
readings per second, was used to acquire the test data. Due to the very small resistance 
of the sensors, the circuit of Figure 5.12 was used for connection to the 
abovementioned data acquisition system. In Figure 5.12, the sensor is shown in orange 
and the resistors in grey. The resistance of each component is given in ohms (Q). In the 
event of a broken strand, the associated increase in the resistance of the sensor was read 
as a step change in the value of the recorded strain. The test was continued up to the 
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point where a crack had reached a depth of approximately 60% of the plate thickness 
(oc/t, =0.6). Visual inspection and tapping of the CFRP patches after testing indicated no 
signs of debonding. Figure 5.13a shows a specimen during testing. Figure 5.13b depicts 
the magnified image of a crack propagating through a sensor. 
Terminal block of 
strain recording 
AM 
PI- 3- DDD P- 3- KI th 
s- 
Figure 5.12 Crack propagation sensor circuit for connection to conventional strain 
gauge instrumentation 
Figure 5.13 a) Specinien during tcsting and b) crack propagating through sensor 
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The results obtained from the tests are presented in Figures 5.14-5.15 in the form 
of plots of crack size (oc/Q versus the number of cycles (N) for each of the specimens 
separately. Only the results from cracks that propagated fracturing a number of strands 
arc shown. Results from specimen A arc not shown as practically all the Cracks failed to 
propagate with CFRP application while one of them propagated along a skewed path 
(see Table 5.4). The results from the other two specimens however, arc typical of scatter 
observed in fatigue. 
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Figure 5.14 Nortnah ed crack size (ac/Q versus number of cycles (N) for specimen B 
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Figure 5.15 Normalised crack size (oc/Q versus number of cycles (N) for specimen C 
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5.5 Comparison with analytical results 
In this section, the experimental results are compared with those obtained using the 
analytical model for YP presented in Chapter 3. A numerical intcgr2don sclicinc was 
used to determine the number of cycles N corresponding to the various crack sizcs 
recorded in tests (see Equation 5.2). The experimental values of C and m from Table 5.3 
were used, while YP was obtained using the bracketed term of Equation 3.15. Ibc 
results were compared with those of specimens B and C and are presented in Figures 
5.16 and 5.17, respectively. 
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Figure 5.17 Results from specimen C versus an2lytical 
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As evidenced in Figures 5.16 and 5.17, some of the analytical results correlatc 
reasonably well with their experimental counterparts. Typical differences in fadgue life 
were found to lie in the range of 3-46%. These differences could also be attributcd to 
the values of C and m used for obtaining the analytical results. These were also obtaincd 
experimentally and are subject to the scatter commonly observed in fatigue tests of even 
nominally identical specimens. The analytical results are generally conservative 
underestimating the number of cycles N with the exception of Notch I of specimen B, 
where N was overestimated by approximately 14-29%. 
5.6 Concluding remarks 
A series of tests was performed in order to obtain material properties. Tbe tensile 
properties of steel and CFRP and the Paris parameters C and m for steel were 
determined. The threshold value of the SIF, for the steel used, below which no crack 
growth is observed, was also obtained. Following these tests, fatigue crack growth 
experiments in patched specimens were carried out in order to determine the 
relationship between the crack size a and the number of cycles N. Ibc same relationship 
was estimated using the experimentally obtained C and m parameters and the analytical 
model for YP presented in Chapter 3. Comparisons between the two indicate that the 
analytical results are in most of the cases conservative and in reasonable agreement with 
their experimental counterparts. 
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Chapter 6 Design methodology 
6.1 Introduction 
A series of analytical models for calculating Y factors pertaining to adhesively bonded 
composite patch repaired steel plates was presented in the preceding chapters. Analytical 
models for determining the stress magnification factor YP for patched cracks that can be 
used for fatigue life calculations, the shear stress at the steel/adhesivc interface near the 
patch ends and the crack mouth and a proposed effective length for the patch were 
developed in Chapter 3. In Chapter 4, an analytical model for the strain energy release 
rate G, which is associated with the fracture of the bond between the steel and the 
adhesive was also developed for the patch end region. In this chapter, a methodology 
and design guidelines, which take into account the abovementioned analytical tools are 
presented. Naturally, in light of the work presented in Chapters 3 and 4, this ch2pter is 
divided in two puts. In the first part, the effect of composite patch repair on fatigue life 
is considered by ignoring patch debonding, while in the second part, patch dcbonding is 
explicitly accounted for. In order to facilitate the discussion, equations and figures 
appearing in Chapters 3 and 4 are here conveniently repeated. 
6.2 Composite patch repair of steel members (ignoring patch 
debonding) 
Determining the magnitude of shear stresses along the bond and particularly near stress 
concentration areas is a requirement when designing adhesively bonded reinforcements. 
This enables the designer to choose a suitable adhesive having the required strength. 
Although there are analytical solutions for obtaining the shear stresses developed in the 
bondline near the patch ends (Albat and Romilly 1999, Baker and Jones 1988), thcrc is 
no solution for estimating the peak shear stress near the crack mouth of the 
configuration shown in Figure 6.1. However, through the novel work presented in 
Chapter 3, for different crack sizes and patch and adhesive properties (thickness, 
Young's modulus), the shear stress at the steel/adhesivc interface near the crack mouth 
(region B) can be obtained from Equation 6.1. Ibis equation was obtained by curve. 
fitting the FE results and its goodness-of-fit was demonstrated in Figure 3.12d. An 
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analytical solution for the shear stress near the patch end (region A) was also 
in Chapter 3 for use in Equation 3.15, which is reproduced here as FAImmotl 0.2. This 
solution is generally more applicable to the one-sided patched configuratioti of I-igmc 
6.1, which is subjected to bending. However, in the case of this configimition being .1 
part of a larger structure and hence restrained from bending, greater shear stresses are 
developed in the bondline near the patch ends. In this case use ofl-. (Itiation 6.2 may lead 
to non-conservative results for the shear stress and hence one of the solutions gl%, (, Il ill 
(Albat and Romilly 1999, Baker and Jones 1988) and presented here in Appendix A 
should be used. 
Y% A xis of 
syninictrN 
Figure 6.1 Edge-cracked plate with adhesively bonded composite patch 
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ts 
Equations 6.3 and 6.4 are intended to provide the designer with the distance from 
the crack mouth and the patch end, respectively, where shear stresses are sufficiently 
low (approximately 10% of the respective peak values). These equations allow the 
designer to decide the length of the patch so that a large proportion of it is used 
effectively, ie. to transfer load from the strengthened plate to the patch. 
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The stress intensity factor of a patched crack with no debonding is given as 
Kp « (7ýßlf(alt, "P)+YBßBf(alts9V)1]=crý7rayp (6.5) 
where Y,, andXa/ý, p) are both defined in Chapter I 
Equation 6.5 may be used for estimating the fatigue life of a patched cracked 
plate. By substituting the bracketed term of Equation 6.5 (Y) in the well-known Paris 
crack growth law, the number of cycles N for a patched crack to grow from in initial 
size cc. to a final size cxf can be estimated according to 
da 
= C(AKP N=ff 
da NC(Aar =f 
da 
(6.6) dN ra ý y. p 
where C and m are fatigue constants and Aa is the applied stress range. 
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The first of Equation 6.6 may be solved through a finite difference scheme. The 
second can be solved using nurneri al integration. The last integral in Equation 6.6 is 
here evaluated numerically, leading to the curves shown in Figure 6.2, which correspond 
to different patch and adhesive properties and assuming m=3 (see also Table 5.3). The 
curves shown in Figure 6.2 can be readily used for design purposes. Curves obtained 
using an expression for Y. of the formAoc/tj obtained by polynomial-fitting of the FE 
results are also shown in Figure 6.2. Although, as shown in Figure 6.2, there are 
significant discrepancies between the two, use of Equation 6.5 has the obvious 
advantage that the latter can be tailored to any patch and adhesive properties and can 
provide the designer with quick and conservative fatigue life estimates. 
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Figure 6.2 Crack growth curves for different material parameters and for cracks 
growing from 10% to 50% of the plate thickness (m=3) 
6.3 Composite patch repair of steel members considering patch 
debonding 
Patch debonding and its effect on the repair was investigated in Ch2pter 4. Ile 
debonding scenarios considered may be seen in Figure 6.3. In Chapter 4, debonding W2S 
treated as a crack located at the steel/adhesive interface and the strain energy tClC2SC 
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rate G for the interface crack tips was detennined using the FF, method. The effect of 
patch debonding on Y. was also investigated. 
a 
f, I- 
a) b) 
0 
c) 
(T 
Figure 6.3 Patched configurations of a) uncracked plate b) cracked plate with edge 
debonding c) cracked plate with crack mouth debonding 
G results for patch end debonding in a patched steel plate without a crack (Figure 6.3a) 
revealed the existence of a plateau (constant value of G) within a wide range of 
debonded lengths starting from 2.5% up to approxnnately 65/'0 of patch length (see 
Figure 4.9). This value of G was curve-fitted resulting in Equation 6.7 which is jnvc, j as 
224 
07 ýc 0.042 +0.102 ýc (6.7) 
E, Eý, 
As shown in Figure 4.8, the adhesive modulus and thickness have a minor effect on G 
for the range of values considered in this work (E, /II, -0.01-0.07 and t, /t, 0.01-0.05) 
and were therefore ignored. The goodness-of-fit for Equation 6.7 was presented in 
Figure 4.15. By considering a Paris-type relationship for debonding one can estimate the 
number of cycles to propagate the debonded length from to f,,, according to 
dtd 
= Cf (AG)" -> N=i/ 
df, l --> NC' =f 
"' 
--(If ", dN 
f, 
i C(AG)"" I,,, (A(; )"' 
(6.8) 
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By making the assumption 
c 
ts 
Aa2ts 
0.042(L 
-0.224 0.181] 
AG c+0.102( 
EL 
(6.9) 
E, ts E, 
Equ2tion 6.8 may be expressed in terms of the stress range Aa. 
Figure 6.4 shows plots of the percentage of patch length that is debondcd with 
the parameter MC'[(Acr)j"' where N are the applied cycles. In addition to the curves 
produced using Equation 6.7, the curves obtained using the constant value of G from 
the plateaus of the FE results (see Figure 4.9) are also shown for comparison. The linear 
nature of the curves shown in Figure 6.4 is due to the constant value of G within the 
specific range of debonded lengths. Due to the lack of C' and m! data for steel/adhesivc 
interfaces, the fatigue exponent & of the interface was taken equal to 5, which is a 
reasonable value and is based on mixed mode I/H fatigue crack growth tests of 
aluminium. adhesive joints (Pirondi and Nicoletto 2006). In the Pirondi and Nicoletto 
study, m! was found to vary between 4.3 and 5, while C' was found to lie in the range 
from 4.36E-12 to 1.88E-l' depending on mode mixity (angle of loading). It is worth 
noting the high variability of C' and m! for polymer/metal interfaces found in the 
literature. This is due to the different types of adhesives used in tests as well as other test 
parameters. The designer is advised to seek more information with regard to C' and m! 
values for polymer/metal interfaces in the literature (for example Shang 1996). For 
presentation purposes, Figure 6.4 is divided in two plots, namely one for the basc casc 
and one for the cases where the patch modulus and thickness was increased. As shown 
in Figure 6.4, use of Equation 6.7 produces fatigue life estimates that are conservative 
and close to the ones obtained using the FE results for G with the maximurn difference 
being approximately 32%. 
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Figure 6.4 Debonding curves for different material parameters and for debonded 
lengths ranging between 2.5% and 65% of patch length (Patch end debonding - rn'=5) 
109 
10 20 30 40 so so To 
% deboading 
For a patched steel plate with a crack and patch end debonding (Figure 6.3b), no 
interaction exists between the crack (Y) and the dcbond (G) for a wide range of crack 
sizes (a/% up to 0.5) and debonded lengths (up to approxitnately 65% of patch length) 
as observed in Figures 4.2,4.3,4.10 and 4.11. Therefore, Figures 6.2 and 6.4 are still 
valid witbin the abovementioned ranges and the fatigue life is the smaller obtained from 
Faii2dons 6.6 and 6.8. 1- 
In the case of a patched steel plate with a crack and crack mouth dcbonding 
(Figure 6.3c), the interaction between the crack and the debond, even for small 
debonded lengths, affects the respective values of YP and G (Figures 4.4,4.5 and 4.12- 
14). Therefore, providing analytical solutions for YP and G as the ones proposed for 
patch end debonding becomes considerably more involved. In this case, detailed 
analysis is necessary in order to obtain YP and G for different crack sizes and debondcd 
lengths. The fatigue life can then be estimated through the solution of the coupled 
differential equations. For instance, for each increment of debonding advance dlý, a 
new increment of crack depth da can be computed from 
cm 
da = -ý7 AGm 
di *d (6.10) 
17his defines the crack depth and the debonded length for the next increment, and the 
process is repeated until the desired crack depth or debonded length is reached. A 
diagram of the process may be seen in Figure 6.6. 
6.4 Design flowcharts 
The design methodology outlined in this chapter, is presented in the form of flowcharts 
in Figures 6.5 and 6.6. 
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Figure 6.5 Design flowchart of a patched plate without a crack 
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Figure 6.6 Design flowchart of a patched cracked plate 
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Chapter 7 Conclusions and future work 
Many researchers have, in the past, investigated the composite patching technique for 
strengthening fatigue-damaged metallic structural members. However, as most of dicsc 
studies focused on the aircraft industry there have only been a few studies to dite 
dealing with crack patching in steel bridges. The main objective of this work was to 
investigate numerically, analytically and experimentally a patched cracked gronictry. 
which is different to the ones examined in the past and is also loosely representative of 
typical steel bridge members. The purpose of the numerical and analytical invcstigltion 
was to identify key parameters and provide analytical tools for use in die design and 
assessment of composite patch repairs of steel members. Ibc experiments wcn 
performed in order to validate the numerical and analytical results. 
An edge-cracked steel plate under tensile loading with in adhesively bonded 
composite patch was first analysed in 2D using the FE method. The role of p2LMmctczs 
such as the crack size and patch and adhesive properties (thickness, clastic modulus) was 
investigated. Ibe stress magnification factor Yp was obtained for the various pstdied 
and the unpatched configurations and for crack sizes ranging from 10% to 8016 of the 
member thickness (oc/t, =0.1-0.8). The stress magnification factor was found to be 
significantly reduced following the introduction of the patch. This w2s espec6UY true 
for the deeper cracks. YP reduction is observed with incre2sing p2tch modulus and 
thickness and adhesive modulus. On the other hand, increasing the thickness of die 
adhesive was found to have the opposite effectý le. YP increased. Mic patch properties 
are those with the greatest influence on YP and generally varying the thickness of 
modulus of the patch by the same factor leads to identical YP reductions. In addition to 
the stress magnification factor at the crack tip, the shear and peel stress distribution% 
along the steel/adhesive interface were also investigated. Ifigh shear and peel stress 
concentrations were found to govern the areas near the crack mouth and die patch end, 
respectively. The role of patch and adhesive properties in the magnitude of these 
stresses near the areas of stress concentration, i. e. the patch end and crack mouth 
regions, was examined. For the crack mouth region, the effect of the crack size wis also 
considered. The shear and peel stresses near the patch end region increase With 
increasing patch modulus and thickness and adhesive modulus, while they decrease with 
increasing adhesive thickness. On the other hand, the shear stress conccntndons found 
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near the crack mouth region, which are several orders of magnitude greater than their 
counterparts in the patch end region, become higher with increasing adhesive modulus 
and thickness, while they generally reduce if the patch properties are increased. 
A novel analytical model for the evaluation of YP was also developed in Ch2pter 3. 
The shear stress distribution at the stecl/adhesive interface was idealised using triangular 
stress blocks, the dimensions of which were obtained by curvc-fitting the FE results. 
These blocks effectively represent crack closing forces acting on the interface. An 
existing solution by Tada (Tada et al. 2000) for Y in an infinite edge-crackcd plate under 
the action of identically positioned crack opening forces was used in order to estimate 
the reduction in the stress magnification factor. The specific solution had to be modified 
to account for finite thickness effects. The accuracy of the model was reasonably good 
with less than 25% differences for approximately 80% of the cases considered, while for 
75% of the cases, the model overestimated YP thus being conservative. Ile proposed 
model takes into account the crack size as well as the patch and adhesive properties and 
can be readily used for fatigue life calculations. 
Ile effect of thermal stresses as a result of a temperature change, due to the 
different thermal expansion coefficients of the materials, and of patch pre-stressing were 
also examined. The thermal stresses obtained were quite significant and, by altering the 
applied stress ratio, they could affect fatigue crack growth. Patch prc-stressing on the 
other hand was found, as expected, to be beneficial through Y reduction. However, the 
shear and peel stresses developed at the bond extremities have to be accounted for. 
The previously mentioned work was carried out assuming a perfect bond along 
the steel/adhesive interface. Patch debonding in an adhesively bonded composite patch 
repair of a steel plate was investigated in Chapter 4. Two separate cases were considered, 
namely, the case of an uncracked steel plate and the case of a steel plate containing a 
single crack in the thickness direction. For the second case, in addition to the case of 
debonding from the ends of the repair, debonding from the area near the mouth of the 
crack in the steel plate was also considered. FE analyses using ABAQUS were 
performed and the effect of debonding on the steel crack tip stress fields, expressed in 
terms of Y, was investigated. Patch end debonding was found not to affect the stress 
magnification factor Y up to relatively large debonded lengths (32.5% of patch length). 
By contrast, crack mouth debonding was found to have a significant effect on Y, over 
the entire range of debonded lengths. 
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Debonding was modelled as a crack growing at the steel/adhesive interface. Ibc 
strain energy release rate G, which is a measure of the interface crack driving force was 
also determined. For patch end debonding, the value of G was found to increase rapidly 
over a very small debonded length reaching a plateau, which was maintained over a wide 
range of debonded lengths. The properties of the patch had the greatest influence on G, 
which increased with increasing patch modulus and thickness. 
For crack mouth debonding, G was found to decrease with increasing dcbonded 
length. The greatest influence on G can be attributed to the depth of the crack in the 
steel plate. An increase in the crack depth was found to raise G considerably and in 
some cases up to twentyfold. 
An analytical solution for G, which may be used for fatigue life estimates, was 
obtained for patch end debonding and was found to be in good agreement with the FE 
results. However, this was not the case with crack mouth debonding, since the large 
variation in G observed for different patch and adhesive properties, crack sizes and 
debonded lengths, made the development of an analytical solution impossible. 
Experiments were also performed in order to validate the previously mentioned 
analytical model for YP. Static tests in order to obtain the tensile properties of the steel 
and the composite and fatigue tests for obtaining the fatigue properties of the steel used, 
were first carried out. The comparisons between fatigue crack growth data from patched 
specimens and simila results obtained using the analytical model, indicated that, in most 
cases, the model is conservative and reasonably accurate. 
Ile use of the analytical models for YP and G for fatigue life estimates was 
demonstrated in Chapter 6. Fatigue growth with number of cycles for the crack in steel 
and patch debonding were presented in the form of design curves and for different 
patch and adhesive properties. 1hesc curves are independent of the stress range Aa and 
can therefore be readily used in design. A design methodology was finally presented in 
the form of flowcharts. 
Although the previously mentioned analytical models for YP and G are based on a 
simple 2D geometry and they therefore have limitations, they also provide the basis for 
developing more realistic models in the future. 
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7.1 Recommendations for further work 
Following the completion of this work, it is recommended that further work should 
include: 
Refined 3D FE modelling of patched and unpatched crack geometries. Global- 
local analysis of bridge structures or components taking into account different 
crack locations (flange, web, connections etc) and including more dcuiled 
loading conditions. 
Additional fatigue tests of patched cracked steel specimens taking into account 
different patch properties and dimensions. Full scale tests of repaired and 
unrepaired bridge components containing cracks at different locations. 
Experimental investigation of debonding aiming to obtain fatigue crack growth K 
data. Fatigue tests of bonded joints or patch reinforced specimens with artificial 
debonds. 
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Appendix A 
For the double-sided reinforcement configuration of Figure Al, the adhesive shear 
stress along ic is given as (Albat and Romilly 1999) 
a, )A T 
sinh(Ay) rx y 
(Y) 
1+2 cosh(, U, /2) 
(Al) 
E, tc Et, 
where a is the coefficient of thermal expansion, E is the elastic modulus and t is the 
thickness, while the subscripts s and c stand for the plate and patch, respectively, F is 
the applied force, AT is a change in temperature and X is given as 
I+2 
Eý, t, Et, (A2) 
t., + t. + 
ltý 
4 /1, fl,, ifl, 
) 
where IL is the shear modulus, while the subscript a stands for the adhesive. As 
evidenced in Equation Al, in addition to the adhesive shear stresses developed due to 
the applied force F, the stresses due to a change in temperature AT arc also accounted 
for. 
to 
Figure Al Double-sided reinforcement 
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Simafly, the adhesive shear stresses due to the applied force F (excluding temperature 
effects) is expressed as (Baker andjones 1988) 
(Y) F a, sinh(, By) 
E, t, t. Bcosh(pi, 12) 
where A is given as 
16 =, 
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